REPORT DOCUMENTATION PAGE

AFRL-SR-BL-TR-00-

Public repomng hurden fur this collection of inf i is i d to average 1 hour per response, including the time for reviewing instt pleting and reviewing
fi !

the o end g this burden estimate or any other aspect of this collection of information, in Jrate for Information
Operations and Reports, 1215 Jafferscn Davis nghwav “Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and £ O?Z(
1. AGENCY USE ONLY /Leave blank/ 2. REPORT DATE o 7
December, 1996
4. TITLE AND SUBTITLE * 5. FUNDING NUMBERS

1996 Summer Research Program (SRP), Summer Faculty Research Program (SFRP), | F49620-93-C-0063
Final Reports, Volume 3A, Phillips Laboratory '

6. AUTHOR(S}
Gary Moore

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Research & Development Laboratories (RDL) REPORT NUMBER
5800 Uplander Way
Culver City, CA 90230-6608

"9, SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
Air Force Office of Scientific Research (AFOSR) AGENCY REPORT NUMBER
801 N. Randolph St.

Arlington, VA 22203-1977

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public Release

13. ABSTRACT (Maximum 200 words)
The United States Air Force Summer Research Program (USAF-SRP) is designed to introduce university, college, and

technical institute faculty members, graduate students, and high school students to Air Force research. This is accomplished
by the faculty members (Summer Faculty Research Program, (SFRP)), graduate students (Graduate Student Research
Program (GSRP)), and high school students (High School Apprenticeship Program (HSAP)) being selected on a nationally
advertised competitive basis during the summer intersession period to perform research at Air Force Research Laboratory
(AFRL) Technical Directorates, Air Force Air Logistics Centers (ALC), and other AF Laboratories. This volume consists
of a program overview, program management statistics, and the final technical reports from the SFRP participants at the
Phillips Laboratory.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Air Force Research, Air Force, Engineering, Laboratories, Reports, Summer, Universities,
Faculty, Graduate Student, High School Student 16. PRICE CODE
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF
OF REPORT OF THIS PAGE OF ABSTRACT ABSTRACT
Unclassified Unclassified Unclassified UL

Standard Form 298 (Rev 2-89} {EG)
Prescribed by ANS| § 9.18
Designed using Perform Pro WHSIDIOR, Oct 94

,,,4—4‘




UNITED STATES AIR FORCE

SUMMER RESEARCH PROGRAM -- 1996

SUMMER FACULTY RESEARCH PROGRAM FlNAL REPORTS

/

VOLUME 3A

PHILLIPS LABORATORY

RESEARCH & DEVELOPMENT LABORATORIES
5800 Uplander Way
Culver Gity, CA 90230-6608

Program Director, RDL Program Manager, AFOSR

Gary Moore Major Linda Steel-Goodwin

Program Manager, RDL Program Administrator, RDL
Scott Licoscos Johnetta Thompson

Program Administrator
Rebecca Kelly

Submitted to:
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
Bolling Air Force Base

Washington, D.C.
December 1996

Aot 0L~ ol 1293

L%0 1¢80100¢




PREFACE

Reports in this volume are numbered consecutively beginning with number 1. Each report is
paginated with the report number followed by consecutive page numbers, e.g., 1-1, 1-2, 1-3; 2-1, 2-2,
2-3.

Due to its length, Volume 3 is bound in two parts, 3A and 3B. Volume 3A contains #1-22.
Volume 3B contains reports #23-37. The Table of Contents for Volume 3 is included in both parts.

This document is one of a set of 16 volumes describing the 1996 AFOSR Summer Research
Program. The following volumes comprise the set:

VOLUME TITLE

1 Program Management Report
Summer Faculty Research Program (SFRP) Reports

2A & 2B Armstrong Laboratory

3A& 3B Phillips Laboratory

4 Rome Laboratory

5A,5B & 5C Wright Laboratory

6 Amold Engineering Development Center, Wilford Hall Medical Center and

Air Logistics Centers

Graduate Student Research Program (GSRP) Reports

7A & 7B Armstrong Laboratory

8 Phillips Laboratory

9 Rome Laboratory

10A & 10B Wright Laboratory

11 Amold Engineering Development Center, United States Air Force Academy,

Wilford Hall Medical Center, and Wright Patterson Medical Center

High School Apprenticeship Program (HSAP) Reports

12A & 12B Armstrong Laboratory
13 Phillips Laboratory

14 Rome Laboratory
15A&15B Wright Laboratory

16 Amold Engineering Development Center
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INTRODUCTION

The Summer Research Program (SRP), sponsored by the Air Force Office of Scientific
Research (AFOSR), offers paid opportunities for university faculty, graduate students, and high
school students to conduct research in U.S. Air Force research laboratories nationwide during
the summer.

Introduced by AFOSR in 1978, this innovative program is based on the concept of teaming
academic researchers with Air Force scientists in the same disciplines using laboratory facilities
and equipment not often available at associates' institutions.

The Summer Faculty Research Program (SFRP) is open annually to approximately 150 faculty
members with at least two years of teaching and/or research experience in accredited U.S.
colleges, universities, or technical institutions. SFRP associates must be either U.S. citizens or
permanent residents.

The Graduate Student Research Program (GSRP) is open annually to approximately 100
graduate students holding a bachelor's or a master's degree; GSRP associates must be U.S.
citizens enrolled full time at an accredited institution.

The High School Apprentice Program (HSAP) annually selects about 125 high school students
located within a twenty mile commuting distance of participating Air Force laboratories.

AFOSR also offers its research associates an opportunity, under the Summer Rescarch
Extension Program (SREP), to continue their AFOSR-sponsored research at their home
institutions through the award of research grants. In 1994 the maximum amount of each grant
was increased from $20,000 to $25,000, and the number of AFOSR-sponsored grants
decreased from 75 to 60. A separate annual report is compiled on the SREP.

The numbers of projected summer rescarch participants in each of the three categories and
SREP “grants” are usually increased through direct sponsorship by participating laboratories.

AFOSR's SRP has well served its objectives of building critical links between Air Force
research laboratories and the academic community, opening avenues of communications and
forging new research relationships between Air Force and academic technical experts in areas of
pational interest, and strengthening the nation's_ efforts to sustain careers in science and
engineering. The success of the SRP can be gauged from its growth from inception (see Table
1) and from the favorable responses the 1996 participants expressed in end-of-tour SRP
evaluations (Appendix B).

AFOSR contracts for administration of the SRP by civilian contractors. The contract was first
awarded to Research & Development Laboratories (RDL) in September 1990. After
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completion of the 1990 contract, RDL (in 1993) won the recompetition for the basic year and
four 1-year options.
2. PARTICIPATION IN THE SUMMER RESEARCH PROGRAM

The SRP began with faculty associates in 1979; graduate students were added in 1982 and high
school students in 1986. The following table shows the number of associates in the program

each year.
YEAR SRP Participation, by Year TOTAL
SFRP GSRP HSAP

1979 70 70
1980 87 87
1981 87 87
1982 91 17 108
1983 101 53 154
1984 152 84 236
1985 154 92 : 246
1986 : 158 100 42 300
1987 159 101 73 333
1988 153 107 101 361
1989 168 102 103 373
1990 165 121 132 418
1991 170 142 132 444
1992 185 121 159 464
1993 187 117 136 440
1994 192 117 133 442
1995 190 115 137 : 442
1996 188 109 138 435




Beginning in 1993, due to budget cuts, some of the laboratories weren’t able to afford to fund
as many associates as in previous years. Since then, the pumber of funded positions has
remained fairly constant at a slightly lower level.

3. RECRUITING AND SELECTION

The SRP is conducted on a nationally advertised and competitive-selection basis. The
advertising for faculty and graduate students consisted primarily of the mailing of 8,000 52-
page SRP brochures to chairpersons of departments relevant to AFOSR research and to
administrators of grants in accredited universities, colleges, and technical institutions.
Historically Black Colleges and Universities (HBCUs) and Minority Institutions (MIs) were
included. Brochures also went to all participating USAF laboratories, the previous year's
participants, and numerous individual requesters (over 1000 annually).

RDL placed advertisements in the following publications: Black Issues in Higher Education,
Winds of Change, and IEEE Spectrum. Because no participants list either Physics Today or
Chemical & Engineering News as being their source of learning about the program for the past
several years, advertisements in these magazines were dropped, and the funds were used to
cover increases in brochure printing costs.

High school applicants can participate only in laboratories located no more than 20 miles from
their residence. Tailored brochures on the HSAP were sent to the head counselors of 180 high
schools in the vicinity of participating laboratories, with instructions for publicizing the program
in their schools. High school students selected to serve at Wright Laboratory's Armament
Directorate (Eglin Air Force Base, Florida) serve eleven weeks as opposed to the eight weeks
normally worked by high school students at all other participating laboratories.

Each SFRP or GSRP applicant is given a first, second, and third choice of laboratory. High
school students who have more than one laboratory or directorate near their homes are also
given first, second, and third choices.

Laboratories make their selections and prioritize their nominees. AFOSR then determines the
number to be funded at each laboratory and approves laboratories' selections.

Subsequently, laboratories use their own funds to sponsor additional candidates. Some selectees
do not accept the appointment, so alternate candidates are chosen. This multi-step selection
procedure results in some candidates being notified of their acceptance after scheduled
deadlines. The total applicants and participants for 1996 are shown in this table.




1996 Applicants and Participants
PARTICIPANT TOTAL SELECTEES DECLINING
CATEGORY APPLICANTS SELECTEES
SFRP 572 188 39
HBCU/MID) (119 2n &)
GSRP 235 109 7
EBCUMD) (18) _ o)
HSAP 474 138 8
TOTAL 1281 435 54

4. SITE VISITS

During June and July of 1996, representatives of both AFOSR/NI and RDL visited each
participating laboratory to provide briefings, answer questions, and resolve problems for both
laboratory personnel and participants. The objective was to ensure that the SRP would be as
constructive as possible for all participants. Both SRP participants and RDL representatives
found these visits beneficial. At many of the laboratories, this was the only opportunity for all
participants to meet at one time to share their experiences and exchange ideas.

S. HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY
INSTITUTIONS (HBCU/MIs)

Before 1993, an RDL program representative visited from seven to ten different HBCU/Mis
annually to promote interest in the SRP among the faculty and graduate students. These efforts
were marginally effective, yielding a doubling of HBCI/MI applicants. In an effort to achieve
AFOSR’s goal of 10% of all applicants and selectees being HBCU/MI qualified, the RDL team
decided to try other avenues of approach to increase the number of qualified applicants.
Through the combined efforts of the AFOSR Program Office at Bolling AFB and RDL, two
very active minority groups were found, HACU (Hispanic American Colleges and Universities)
and AISES (American Indian Science and Engineering Society). RDL is in communication
withrepresentaﬁvesofwchoftheseorganizaﬁonsonamouﬂllybasistokeepupwiththetheir
activities and special events. Both organizations have widely-distributed magazines/quarterlies
in which RDL placed ads.

Since 1994 the number of both SFRP and GSRP HBCU/MI applicants and participants has

increased ten-fold, from about two dozen SFRP applicants and a half dozen selectees to over

100 applicants and two dozen selectees, and a half-dozen GSRP applicants and two or three

selectees to 18 applicants and 7 or 8 selectees. Since 1993, the SFRP had a two-fold applicant
4




increase and a two-fold selectee increase. Since 1993, the GSRP had a three-fold applicant
increase and a three to four-fold increase in selectees.

In addition to RDL's special recruiting efforts, AFOSR attempts each year to obtain additional
funding or use leftover funding from cancellations the past year to fund HBCU/MI associates.

This year, 5 HBCU/MI SFRPs declined after they were selected (and there was no one
qualified to replace them with). The following table records HBCU/MI participation in this

program.
SRP HBCU/MI Participation, By Year
YEAR SFRP GSRP
Applicants Participants Applicants Participants

1985 76 23 15 11
1986 70 18 20 10
1987 82 32 32 10
1988 53 17 23 14
1989 39 15 13 4
1990 43 14 17 3
1991 42 13 8 5
1992 70 13 9 5
1993 60 13 6 2
1994 90 16 11 6
1995 90 21 20 8
1996 119 27 18 7

6.  SRP FUNDING SOURCES

Funding sources for the 1996 SRP were the AFOSR-provided slots for the basic contract and
laboratory funds. Funding sources by category for the 1996 SRP selected participants are

shown here.




1996 SRP FUNDING CATEGORY SFRP GSRP HSAP
AFOSR Basic Allocation Funds 141 85 123
USAF Laboratory Funds 37 19 15
HBCU/MI By AFOSR 10 5 0
(Using Procured Addn’l Funds)

TOTAL 188 109 138

SFRP - 150 were selected, but nine canceled too late to be replaced.
GSRP - 90 were selected, but five canceled too late to be replaced (10 allocations for

the ALCs were withheld by AFOSR.)
HSAP - 125 were selected, but two canceled too late to be replaced.

7. COMPENSATION FOR PARTICIPANTS |

Compensation for SRP participants, per five-day work week, is shown in this table.

1996 SRP Associate Compensation
PARTICIPANT CATEGORY | 1991 | 1992 | 1993 | 1994 | 1995 | 1996

Faculty Members $690 | $718 | $740 | $740 | $740 | $770

Graduate Student $425 | $442 | $455 | $455 | $455 | $470
(Master's Degree)

Graduate Student $365 | $380 | $391 | $391 | $391 | $400
(Bachelor's Degree)

High School Student $200 | $200 | $200 | $200 | $200 | $200
(First Year)

High School Student $240 | $240 | $240 | $240 | $240 | $240
(Subsequent Years) ~

The program also offered associates whose homes were more than 50 miles from the laboratory
an expense allowance (seven days per week) of $50/day for faculty and $40/day for graduate
students. Transportation to the laboratory at the beginning of their tour and back to their home
destinations at the end was also reimbursed for these participants. Of the combined SFRP and




GSRP associates, 65 % (194 out of 297) claimed travel reimbursements at an average round-
trip cost of $780.

Faculty members were encouraged to visit their laboratories before their summer tour began.
All costs of these orientation visits were reimbursed. Forty-five percent (85 out of 188) of
faculty associates took orientation trips at an average cost of $444. By contrast, in 1993, 58 %
of SFRP associates took orientation visits at an average cost of $685; that was the highest
percentage of associates opting to take an orientation trip since RDL has administered the SRP,
and the highest average cost of an orientation trip. These 1993 numbers are included to show
the fluctuation which can occur in these numbers for planning purposes.

Program participants submitted biweekly vouchers countersigned by their laboratory research
focal point, and RDL issued paychecks so as to arrive in associates' hands two weeks later.

In 1996, RDL implemented direct deposit as a payment option for SFRP and GSRP associates.
There were some growing pains. Of the 128 associates who opted for direct deposit, 17 did not
check to ensure that their financial institutions could support direct deposit (and they couldn’t),
and eight associates never did provide RDL with their banks’ ABA number (direct deposit bank
routing number), so only 103 associates actually participated in the direct deposit program. The
remaining associates received their stipend and expense payments via checks sent in the US
mail.

HSAP program participants were considered actual RDL employees, and their respective state
and federal income tax and Social Security were withheld from their paychecks. By the nature
of their independent research, SFRP and GSRP program participants were considered to be
consultants or independent contractors. As such, SFRP and GSRP associates were responsible
for their own income taxes, Social Security, and insurance.

8. CONTENTS OF THE 1996 REPORT

The complete set of reports for the 1996 SRP includes this program management report
(Volume 1) augmented by fifteen volumes of final research reports by the 1996 associates, as
indicated below:

1996 SRP Final Report Volume Assignments

LABORATORY SFRP GSRP HSAP
Armstrong 2 7 12
Phillips 3 8 13
Rome 4 9 14
Wright 5A, 5B 10 15
AEDC, ALCs, WHMC 6 11 16




APPENDIX A - PROGRAM STATISTICAL SUMMARY

A. Colleges/Universities Represented

Selected SFRP associates represented 169 different colleges, universities, and
institutions, GSRP associates represented 95 different colleges, universities, and institutions.
B. States Represented

SFRP -Applicants came from 47 states plus Washington D.C. and Puerto Rico.
Selectees represent 44 states plus Puerto Rico.

GSRP - Applicants came from 44 states and Puerto Rico. Selectees represent 32 states.

HSAP - Applicants came from thirteen states. Selectees represent nine states.

Total Number of Participants
SFRP 188
GSRP 109
HSAP 138
TOTAL 435
Degrees Represented
SFRP GSRP TOTAL
Doctoral 184 1 185
Master's 4 48 52
Bachelor's 0 60 60
TOTAL 188 109 297




SFRP Academic Titles
Assistant Professor 79
Associate Professor 59
Professor : 42
Instructor 3
Chairman 0
Visiting Professor 1
Visiting Assoc. Prof. 0
Research Associate 4
TOTAL 188
l Source of Learning About the SRP
I Category - Applicants Selectees
Applied/participated in prior years 28% 34%
| Colleague familiar with SRP 19% 16%
l Brochure mailed to institution 23% 17%
I Contact with Air Force laboratory 17% 23%
lIEEESpectrum 2% 1%
BIIHE 1% 1%
Other source 10% 8%
I TOTAL 100% 100%
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APPENDIX B — SRP EVALUATION RESPONSES

1. OVERVIEW

Evaluations were completed and returned to RDL by four groups at the completion of the SRP.
The number of respondents in each group is shown below.

Table B-1. Total SRP Evaluations Received

Evaluation Group Responses
SFRP & GSRPs 275
HSAPs 113
USAF Laboratory Focal Points 84
USAF Laboratory HSAP Mentors 6

All groups indicate unanimous enthusiasm for the SRP experience.

The summarized recommendations for program improvement from both associates and
Iaboratory personnel are listed below:

A. Better preparation on the labs’ part prior to associates' arrival (i.e., office space,
computer assets, clearly defined scope of work).

B. Faculty Associates suggest higher stipends for SFRP associates.

C. Both HSAP Air Force laboratory mentors and associates would like the summer
tour extended from the current 8 weeks to either 10 or 11 weeks; the groups
state it takes 4-6 weeks just to get high school students up-to-speed on what’s
going on at laboratory. (Note: this same argument was used to raise the faculty
and graduate student participation time a few years ago.)
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2. 1996 USAF LABORATORY FOCAL POINT (LFP) EVALUATION RESPONSES

The summarized results listed below are from the 84 LFP evaluations received.
1. LFP evaluations received and associate preferences:

Table B-2. Air Force LFP Evaluation Responses (By Type)

How Many Associates Would You Prefer To Get ? (% Response) .

SFRP GSRP (w/Univ Professor) GSRP (w/o Univ Professor)

Lab Evals 0 1 2 3+ 0 1 2 3+ 0 1 2 3+

Recv’d

AEDC 0 - - - - - - - - - - - -
WHMC 0 - - - - - - - - - - - -
AL 7 28 28 28 14 54 14 28 0 86 0 14 0
FJSRL 1 0 100 0 0 100 0 0 0 0 100 (] 0
PL 25 40 40 16 4 88 12 0 0 84 12 4 0
RL 5 60 40 0 0 80 10 0 0 100 0 0 0
WL 46 30 43 20 6 78 17 4 0 93 - 4 2 0
Total 84 2% 0% 13% 5% {80% 11% 6% 0% | 3% 23% 4% 0%

LFP Evaluation Summary. The summarized responses, by laboratory, are listed on the
following page. LFPs were asked to rate the following questions on a scale from 1 (below
average) to 5 (above average).

2. LFPs involved in SRP associate application evaluation process:

a. Time available for evaluation of applications:

b. Adequacy of applications for sclection process:
3. Value of orientation trips:
4. Length of research tour:
5 Benefits of associate's work to laboratory:
Benefits of associate's work to Air Force:
Enhancement of research qualifications for LFP and staff:
Enhancement of research qualifications for SFRP associate:
Enhancement of research qualifications for GSRP associate:
Enhancement of knowledge for LFP and staff:
Enhancement of knowledge for SFRP associate:

c. Enhancement of knowledge for GSRP associate:
8. Value of Air Force and university links:
9. Potential for future collaboration:
10.  a. Your working relationship with SFRP:

b. Your working relationship with GSRP:
11. Expenditure of your time worthwhile:

(Continued on next page)

6.

egpoopo
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12. Quality of program literature for associate:
13.  a. Quality of RDL's communications with you:

b. Quality of RDL's communications with associates:
14. Overall assessment of SRP:

Table B-3. Laboratory Focal Point Reponses to above questions

AEDC AL FJSRL FL

RL WHMC WL

# Evals Recv'd 0 7 1 14 5 0 46
Question #
2 - 86% 0% 8% 80% - 85 %
2a - 4.3 n/a 3.8 4.0 - 3.6
2b - 4.0 n/a 3.9 4.5 - 4.1
3 - 4.5 n/a 4.3 4.3 - 3.7
4 - 4.1 4.0 4.1 4.2 3.9
5a - 4.3 5.0 4.3 4.6 - 4.4
5b - 4.5 n/a 4.2 4.6 - 4.3
6a - 4.5 5.0 4.0 4.4 - 43
6b - 43 n/a 4.1 5.0 - 4.4
6¢c - 3.7 5.0 3.5 5.0 - 4.3
Ta - 4.7 5.0 4.0 4.4 - 43
7o - 43 n/a 4.2 5.0 - 4.4
Tc - 4.0 5.0 3.9 5.0 - 4.3
8 - 4.6 4.0 4.5 4.6 - 4.3
9 - 4.9 5.0 4.4 4.8 - 4.2
10a - 5.0 n/a 4.6 4.6 - . 4.6
10b - 4.7 5.0 3.9 5.0 - 4.4
11 - 4.6 5.0 4.4 4.8 - 4.4
12 - 4.0 4.0 4.0 4.2 - 3.8
13a - 3.2 4.0 3.5 3.8 - 3.4
13b - 34 4.0 3.6 4.5 - 3.6
14 - 4.4 5.0 4.4 4.8 - 4.4
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3. 1996 SFRP & GSRP EVALUATION RESPONSES

The summarized results listed below are from the 257 SFRP/GSRP evaluations received.

Associates were asked to rate the following questions on a scale from 1 (below average) to 5
(above average) - by Air Force base results and over-all results of the 1996 evaluations are
listed after the questions.

The match between the laboratories research and your field:
Your working relationship with your LFP:
Enhancement of your academic qualifications:
Enhancement of your research qualifications:
Lab readiness for you: LFP, task, plan:
Lab readiness for you: equipment, supplies, facilities:
Lab resources:
Lab research and administrative support:
. Adequacy of brochure and associate handbook:
10 RDL communications with you:
11. Overall payment procedures:
12. Overall assessment of the SRP:
13. a. Would you apply again?
b. Will you continue this or related resezrch"
14. Was length of your tour satisfactory?
15. Percentage of associates who experienced difficulties in finding housing:
16. Where did you stay during your SRP tour?
a. At Home:
b. With Friend:
c. On Local Economy:

R N N

d. Base Quarters:
17. Value of orientation visit:

a. Essential:

b. Convenient:

c. Not Worth Cost:

d Not Used:

SFRP and GSRP associate’s responses are listed in tabular format on the following page.
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Table B-4. 1996 SFRP & GSRP Associate Responses to SRP Evaluation

Amold | Brooks | Edwards | Fgin | Griffs | Baosom | Kelly | Kirtiand | Lackiand J Robins | Tyndak J WPAFB | average
# 6 « 6 i 31 ® 3 2 1 2 10 3 257
res
1 148144 ) 46 147 ] 44 49 J46] 46 s.0 S0 1 40 47 | 4.6
2150146 41 1491 47 47 1sS0] 47 5.0 S0 | 46 48 | 47
3145]44 ] 40 146 43 42 §43] 44 5.0 5.0 | 45 43 1 44
4143145 ] 38 146} 44 44 143] 46 5.0 40 | 44 45 | 45
S 1451431 33 148 44 45 J43] 42 s.0 S0} 39 44 | 44
6 143 143 ) 3.7 147] 44 45 J40] 3.8 5.0 50 ) 38 42 | 42
7145144 ) 42 | 48] 45 43 431 41 5.0 50 § 43 43 | 44
8145146 ] 30 149 44 43 143] 45 5.0 50 | 47 45 | 45
9147 1451 47 451] 43 45 1471 43 5.0 50 | 41 45 | 45
10142144 47 §44] 41 41 140]) 42 $.0 45 | 3.6 44 | 43
11381411 45 140] 3.9 41 140] 40 3.0 40 | 37 40 | 490
1571474 43 149] 45 49 1471 46 5.0 45 | 4.6 45 | 46
Numbers below are tages
B+ 1 83 ] 9% 8 931 8 75 j100} 81 100 100 | 100 86 87
Bb 1100 | 8 8 1100) %4 98 1100] 94 100 100 | 100 94 93
418 1) 9% ] 100 ] %] 8 80 j100] 92 100 100 70 84 88
5y 17 6 0 331 2 76 3} 2 0 100 § 20 8 39
16a ] - 26 17 9 38 23 3 4 - - - 30
e} 100 | 33 - 40 - 8 - - - - 36 2
lc] - 41 8 9] 6 69 671 9% 100 100 64 68
164 - - - - - - - - - - - 0
172 ) - 3 100 ) 17 ] SO 14 671 3 - 50 40 3 35
by - 21 - 17 ] 10 14 - 24 - S0 20 16 16
1] - - - - 10 7 - - - - - 2 3
174 1 100 | 46 - 66 | 30 69 31 3 100 - 40 S1 46




4. 1996 USAF LABORATORY HSAP MENTOR EVALUATION RESPONSES

Not enough evaluations received (5 total) from Mentors to do useful summary.




5. 1996 HSAP EVALUATION RESPONSES

The summarized results listed below are from the 113 HSAP evaluations received.

HSAP apprentices were asked to rate the following questions on a scale from
1 (below average) to S (above average)

Your influence on selection of topic/type of work.

Working relationship with mentor, other lab scientists.
Enhancement of your academic qualifications.

Technically challenging work.

Lab readiness for you: mentor, task, work plan, equipment.
Influence on your career.

Increased interest in math/science.

Lab research & administrative support.

Adequacy of RDL’s Apprentice Handbook and administrative materials.
10 Responsiveness of RDL communications.

11. Overall payment procedures.

12. Overall assessment of SRP value to you.

00N R W

13. Would you apply again next year? Yes (92 %)
14. Will you pursue future studies related to this research? Yes (68 %)
15. Was Tour length satisfactory? Yes (82 %)

Armold Brooks | Edwards Eglin Griffiss Hanscom Kirland Tyndall §| WPAFB Totals

5 19 7 15 13 2 7 5 40 113

2.8 33 3.4 35 34 4.0 3.2 3.6 3.6 34
4.4 4.6 4.5 4.8 4.6 4.0 4.4 4.0 4.6 4.6

4.0 4.2 4.1 4.3 4.5 5.0 4.3 4.6 4.4 4.4
3.6 3.9 4.0 4.5 4.2 5.0 4.6 3.8 4.3 4.2

4.4 4.1 3.7 4.5 4.1 3.0 3.9 3.6 3.9 4.0
3.2 3.6 3.6 4.1 3.8 5.0 33 3.8 3.6 3.7

2.8 4.1 4.0 39 3.9 5.0 3.6 4.0 4.0 3.9
3.8 4.1 4.0 4.3 4.0 4.0 4.3 3.8 4.3 4.2

= RN - UV FNRRY [N |

| 44 3.6 4.1 4.1 35 4.0 3.9 4.0 3.7 3.8
10 ] 4.0 3.8 4.1 3.7 4.1 4.0 3.9 2.4 3.8 3.8

11 ] 42 4.2 3.7 3.9 3.8 3.0 3.7 2.6 3.7 3.8
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TEMPORAL AND SPATIAL CHARACTERISATION OF A SYNCHRONOUSLY-PUMPED
PERIODICALLY-POLED LITHIUM NIOBATE OPTICAL PARAMETRIC OSCILLATOR

Dr. Graham R. Allan
Assistant Professor
Department of Physics
New Mexico Highlands University

Abstract

To fully characterise the dynamics of a synchronously-pumped, periodically-poled, Lithium
Niobate, optical parametric oscillator requires fast detection with high spatial-resolution. The
introduction of a fiber-coupled fast detector, in parallel with standard techniques, has enabled
clean experimental access to dynamics that are lost in the temporal and spatially averaging of
large area, "slow" detectors. A fast rise-time (% rise S25ps cf. T puise ~ 100 ps) fiber-coupled via a 25
pm diameter fiber to the experiment has enabled more detailed measurements of the on-axis pump
depletion atthe temporal center of the pulse, which was found tobe typically 84% and appears to be

limited by back conversion.

Maximum percentage pump-depletion occurs at the temporal and spatial center of the ~ IMW/cm?2 ,
100 ps (FWHM) pump pulse. At higher irradiances the percentage pump depletion diminishes. A
series of spatial profiles, that recorded the near-field irradiance of the transmitted pump at the rear
of the nonlinear optical crystal, during the temporal center of the pulse shows the evolution of the
transmitted pump as a function of incident power. The plots clearly show pump depletion and the

onset of back-conversion of the signal to pump.

1-2




TEMPORAL AND SPATIAL CHARACTERISATION OF A SYNCHRONOUSLY-PUMPED
PERIODICALLY-POLED LITHIUM NIOBATE OPTICAL PARAMETRIC OSCILLATOR

Graham R. Allan

Introduction

Optical parametric oscillators, OPO's, are now well established as a means of generating widely
tunable coherent radiation in regions of the electro-magnetic spectrum which are normally
difficult to access via conventional coherent sources. However, the utility of OPO's as a tool in
nonlinear optics research is still limited by their low output intensities. A material which shows
significant promise as a nonlinear optical medium in which to efficiently generate widely
tunable, coherent, near-infrared radiation with useful intensities is Periodically-Poled Lithium
Niobate, PPLN. In recent work a cw-pumped PPLN OPO was reported with a pump conversion
efficiency of 93%, 1 and, using similar measuring techniques in a synchronously pumped PPLN
OPO, pump conversion efficiency of 75 % 2 was measured with moderate output powers and wide
tunability. However, due to the dynamical nature of a synchronously pumped OPO, full
characterisation also requires fast detection and high spatial resolution. In this report the optical
characterization of PPLN OPO is extended to temporally and spatially resolve the dynamical
nature of the synchronously pumped PPLN OPO.

An OPO is a nonlinear optical device for generating tunable coherent radiation that is down-
converted from the pump frequency, wp, such that the sum of the generated signal frequency, s,
and idler frequency, w;, satisfy (s + ;) = wp. As in the above referenced works this research is
performed in the singly-resonant configuration, where the cavity Q is high for the signal
frequency but low for the pump and idler. Feedback is achieved by circulating the signal within
the OPO cavity and aligning for temporal and spatial overlap of the signal and pump within the
PPLN crystal. This results in a gain in the signal strength for each pass through the crystal. The
gain mechanism is a @ nonlinear effect; maximum pump conversion takes place at the spatial
and temporal center of the pump pulse, where the photon's E-field is largest. To fully measure the
OPO's output dynamics the detection system must be fast and sample a small area compared to the
temporal pulse-width and beam diameter. If not, then one automatically measures an averaged
output, integrated over space and time, and a fund of information on the dynamics of the OPO may

be lost.
The ever-continuing push for more usable power has resulted in synchronously pumped cavity
designs. Insuch a configuration (and at pump pulse fluence easily achievable with a picosecond,

mode-locked Nd:Yag laser), sufficient energy may be deposited in the signal-field that back
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conversion may take place. In this regime the signal becomes sufficiently large so as to actas a
source, resulting in the signal and idler back-converting to the pump frequency. This results in
sub-optimal performance of the OPO. This effect is expected to be observed after the system has
reached steady-state, during strong pumping, and at the spatial and temporal center of the pump
pulse. To be able to observe this phenomenon directly requires fast detection techniques and high
spatial resolution. In this report the optical characterization of PPLN OPO is extended to
temporally and spatially resolving such dynamical effects.

Methodology
The employed methodology is to characterise the performance of the singly-resonant PPLN OPO

using standard measurements; pump depletion, conversion efficiency, signal strength recorded -

as a function of cavity length and incident power, and to introduce fast detection with high spatial

resolution.

A schematic of the general experimental layout is shown in figure 1. A Coherent Antares
ND:YAG operating at 1.064 um in quasi-cw mode produced an ~80 MHz train of pulses, nominally
100 ps FWHM at 20 W average power. The pump power injected into the OPO cavity through
mirror C1 is controlled by the halfwave plate and analyzer and measured by a large area power
meter at M1. The pump is mechanically chopped at 40 Hz with a 100:1 duty cycle minimize bulk
heating of the crystal. This reduces the pump train to 250 ps bursts every 25 ms. The buildup to
steady state in this resonator occurres in ~50 ps, and the chopper window is sufficiently wide to
establish steady-state oscillation, where in the single pass gain is balanced by the round-trip
cavity losses. The OPO cavity is a "bow-tie" ring resonator. The crystal is positioned centrally
between mirrors C1 and C2, each of radius 75 cm, separated by 86 cm. The cavity is folded via flat
reflectors C3 and C4. The optical path of the OPO is matched to the temporal-mode spacing of the
pump using C4. The pump is spatially mode matched tothe OPO cavity with an external telescope
producing a symmetrical Gaussian beam of 150 pum half-width (1/e). The crystal is mounted on

an externally-controlled oven to enable temperature
tuning of the signal and idler frequencies. The
crystal of LiNbOg is 15 mm x 15 mm x 500 um thick,
with a poling period of 29.75 pm through a central

area of 13 mm diameter. The depleted pump, having

passed through the crystal is partially reflected by Schematic of the PPLN, showing
poled region and orientation to beam.

mirror C2 and leaves the resonator through C3.

A large area power meter placed after a high reflectance splitter at 1.51 um, M6, monitors the

transmitted pump power. The cavity and crystal are optimised for operation at the signal




wavelength of 1.51um. The signal frequency is coupled from the cavity at mirrors C2 and C3. The
fast temporal and spatially-resolving detection system follow in the diagnostic arm of the
experiment. Depending on the measurement, a 1.51 pm or 1.064 um transmission filter was

inserted downstream of M6.

A2 Polariser Pelin Boca
Mode-locked Nd:Yag Laser H N o Prism
Mode Optical

PPLN Crystal ﬁ }ensis Chopper
& - £

aM5

R ]
. Incident Pump

Power Meter

Fibre Coupler
& Pigtail \ N I A
Imaging \ ; Transmitted P
Fast  Lens Blodbs P Power Meter
Photdetector £
Attenuation
Figure 1. Schematic of the experimental layout showing the cavity geometry.

The second harmonic of 1.51 um was removed and attenuation, when needed, introduced. The fast
photodetector is a New Focus 10-410 with a rise time of < 25 ps, connected to an S-4 Tektronics
sampling head. The detector was fiber coupled tothe experiment through a 25 pm diameter fiber
mounted in a three-axis, computer-controlled positioning stage with sub-micron accuracy and
repeatability. The fiber input is placed in the image plane of the output face of the crystal, which is

formed by the imaging lens in the diagnostic arm of the experiment.

Operational Characterisation

Synchronising pump and signal using cavity length tuning.

The efficiency of the pumping scheme is measured as a function of OPO cavity length. This
technique establishes temporal and spatial overlap between pump and signal. By altering the
cavity length, a temporal delay is introduced between the circulating signal and the pump. Unlike
conventional gain media there is no gain storage, hence signal amplification can only take place

during temporal and spatial overlap of pulses. Optimum cavity length was found for the system
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alignment from the peak in output signal. Figure 2 is a typical result, the input pump irradiance,

the transmitted pump irradiance the signal irradiance were recorded as a function of cavity

length.
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Figure 2. Plot of the normalised incident pump, transmitted pump and signal irradiance as a
function of cavity length. The depletion in the transmitted pump is clearly seen asthe
OPO signal increases. Synchronicity is at the local maximum in the OPO signal
This is essentially a differential transmission measurement that accounts for cavity losses,
(Tpoft - Tp syne) / Tp off » where Ty of¢ is the pump transmission of the cavity and crystal off
synchronicity, T , sync is the transmission on synchronicity and gives the spatial and temporal

averaged pump depletion. A typical value for depleted pump during optimum performance of the

PPLN OPO is 75 %. This figure agrees with other work.

Threshold of Oscillation

To ensure optimum spatial overlap the cavity was positioned for synchronicity and the cavity
alignment adjusted for lowest threshold for signal oscillation. The transmitted pump and OPO
signals were then recorded as a function of incident power. Figure 3 is a typical plot of the
transmitted pump and signal as the incident power is increased. The transmission of the pump is
essentially linear until threshold, where the pump down-converts to ws and j, depleting the

transmitted pump. This depletion increases until approximately two times threshold where, (see
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figure 4), the depletion appears to saturate. Above twice threshold the slope of the OPO signal

decreases. This is indicative of back conversion from signal to pump. Figure 4 clearly shows the

change in pump depletion with increasing incident power.

, .
0% ]
S, PD ‘,!5 ]
: : ]
= 08 £
] ;
©
g 0.6 '
= -
= °
g o4 -
l—cs -]
g 3
5 02 [.e .
Z . e Transmitted Pump
°
! T s OPO Signal
0 .
0 10 20 30 40 50

IncidentPump (W)

Figure 3. Plot of the OPO signal and transmitted pump as a function of incident
pump power, showing threshold "T" and pump depletion, "PD".
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Figure 4. Plot of the pump depletion measured with a large area detector. The pump depletion

approaches 75 %.

Temporal and Spatially Resolved Dynamics of the PPLN OPO.

The results plotted in figures 2 through 4 were all taken with the large area detectors and are the

spatial and temporal integral of the pulse. Since this is a dynamic system using a synchronous

14




pumping scheme it is important to monitor the system with temporal and spatial-resolving
diagnostics. Again, the above characterisation methods were employed, in addition to which a
fast detector fiber-coupled to the experiment was introduced. The fiber was positioned in the
crystal's image plane, formed by a lens external to the cavity, so as to record the near field
irradiance of the transmitted pump . Great care was taken to ensure alignment of the fiber input to
the image plane. A technique was developed which ensured finding the image plane: A mask
was introduced close to the output surface of the crystal, impinging on half of a very weak pump
beam; The spatial profile was then recorded as a function of both axial distance from the imaging
lens, with and without the mask; A comparison of the profiles indicates the image plane when the
peak heights are similar. The results are plotted in appendix A. The image plane was found tobe

stable over time and was unaffected by scanning of the cavity length using reflector C4.

Synchronising pump and signal using cavity length tuning.

The cavity scans were repeated monitoring the spatial and temporal center of the pulse. The
spatial center was obtained from an x-y scan of the transmitted pump profile ( OPO blocked) and
positioning the fibre on the peak of the pulse. A narrow, variable, electronically-delayed

sampling window of ~20 ps width was set to record the peak voltage from the fast detector.
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Figure 5. Cavity length scan recorded using the fast detector gated for the temporal center of the
pump pulse and positioned on the spatial center of the pump profile in the back image
plane. See text.




Figure 5 is a plot of the normalised pump transmission showing the time and space-resolved
signal; for comparison the large area detector measurements are included. The transmitted
pump depletion measured by the fast system is greater;occurs over a larger cavity length and is

skewed to shorter cavity lengths.

Threshold of Oscillation

Again the cavity length was adjusted to synchronize pump and signal. The fiber was positioned
in the image plane at the peak of the pulse and the fast detector sampling window set for the center
of the pulse. Figure 6 is a plot of the normalised transmitted pump, recorded on the fast detector at
the spatial and temporal center of the pulse as a function of increasing power, plotted as inverted

closed triangles, also shown for comparison are the standard measurements-- open squares and

circles.
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Figure 6. Plot of the normalised, transmitted pump recorded on the fast detector at the spatial
and temporal center of the pulse. The OPO signal and transmitted pump recorded
by the large area detectors are shown for comparison.

Itis evident from this result that the on-axis temporal center of the pulse undergoes greater pump
depletion. The pump experiences a "reversed-saturable-absorption" like effect, increasing
absorption with increasing power, where (Altransmitted p /Alincident p ) is negative. Increasing

power results in more efficient conversion of the pump photons to signal and idler photons. The
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pump continues to be depleted with increasing pump power until approximately twice threshold,
where the on axis transmission increases. At approximately twice threshold the signal
generation efficiency decreases, (Algignal/Alincident p )» 2g2in suggesting back conversion from

signal to pump.

To see more clearly the behavior of the on-axis pump depletion, the percentage pump depletion for
both the fast and slow detectors is plotted as a function of incident power in figure 7. From this
figure it is evident that the on-axis pump depletion at the temporal center of the pump pulses is
larger than the averaged measurement. The mos_f significant difference is that the pump
depletion reduces after approximately twice threshold, a fact completely obscured in the lower
trace of figure 7. The on-axis pump depletion at temporal center is 84 %. Above twice threshold the

percentage pump depletion diminishes, possibly due to back conversion of the signal to the

pumping frequency.
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Figure 7.  Plot of the percentage transmitted pump's depletion as a function of incident power.
The time and space resolved measurements, solid inverted triangles, clearly show
a greater percentage pump depletion which then reduces with increasing pump power.

Temporally Resolved Spatial Profile of the Transmitted Pump

The incident pump is a symmetrical Gaussian beam of 150 pm halfwidth (1/e). The imaged
profile of the transmitted pump is recorded in Figure 8A, (pump below OPO threshold). The spatial
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profile of the signal is physically smaller than the pump which is a result of two mechanisms,
losses in the OPO resonator and the down-conversion process. The effect of back conversion
should be manifest as an increase in transmitted pump. Since back conversion is also a %@ effect
the back conversion would be narrower in profile than the pump. Preliminary research data,
recorded in figure 8, would tend to confirm this. In this experiment the cavity was carefully
aligned for temporal and spatial overlap. Again the temporal window was set at the peak of the
pump pulse, and the signal on the fiber recorded v
as a function of x and y. The profiles recorded
were in the image plane of the rear face of the — |
OPO PPLN crystal. A series of profiles was - [ ) >
recorded starting below threshold and k \ \

\

increasing to maximum incident power. The

three dimensional figures plot the irradiance - \X
through a vertical profile at the temporal center Inset Showing the spatial profile recorded
through the center of the pulse

of the transmitted pump pulse, (see inset).
The vertical scale indicates the absolute magnitude of the transmitted pump. All plots are
normalised to fit the plotting space and show increased detail on the mid-range profiles, where
pump depletion greatly reduces the signal. The threshold for OPO oscillation was 0.221, where I
corresponds to maximum power, and this profile is recorded in figure 8B. Figure 8A is the
incident pump profile just below threshold. Above threshold the overall profile decreases, with
maximum depletion taking place at the center of the beam --Figures 8, C & D. Continuing past
twice threshold, the overall profile starts to grow a narrow cone in the region where the pump has
been depleted. This also corresponds to spatial overlap between pump and signal. This central
cone is tentatively ascribed to back conversion. The cone continues to grow with increasing
incident power, Figures 8E-H. Figure 8H clearly shows that an annulus is formed by the
remainder of the incident pump that has not been down converted with a narrow central cone. The
central cone is formed by the back conversion of signal and idler into the pump wavelength. Since
the signal is proportional to the square of the pump irradiance and the back converted frequency is

proportional to the square of the signal, the cone appears much narrower than the pump.
Conclusions.

In this report it has been shown that to fully characterise the dynamics of the PPLN OPO requires
time and space-resolving techniques in parallel with averaged measurements. This

characterization allows clean experimental access to the dynamics and has enabled more detailed

measurements of the on-axis pump depletion at the temporal center of the pulse, which was found to
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be typically 84% and appears to be limited by back conversion. Other data, not reported here, on the
PPLN OPO concentrates on the temporal and spatially-resolved evolution of the signal and pump
during switch-on and build-up to steady-state operation. This extensive data will be ananlysed in

the comming months.

Further optimization of the system requires studying the pump depletion as a function of crystal
length, incident pump spatial profile and temporal pulse length. It may be possible to extract more
signal power using a Gaussian reflector, in this case optimized for greater transmission of the
signal, on-axis thereby reducing the intracavity, on-axis signal intensity and consequently back

conversion.
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TESTING CF A DUAL-BAND INFRARED FOCAL PLANE ARRAY
AND AN INFRARED CAMERA SYSTEM
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ABSTRACT

Progress was made on the development of a portable test station for Lockheed Mar-
tin’s dual-band IR FPA. The appropriate method for running the required clocks was
determined to be an Altera EPM5064 programmable logic device combined with a test
station being built by Wallace Instruments. The timing patterns required for opera-
tion of the dual-band FPA were determined. A second project was the evaluation of
an Infrared Camera system. The greatest limitations apparent in this initial evaluation
appeared to be software related. The primary problem is the inability to obtain raw
data from the FPA and the lack of documentation explaining how the raw data was
processed by the software. This situation resulted in skewed histograms of pixel values
obtained while viewing a uniform scene. Such histograms should have been normally

distributed, but instead appeared to have secondary peaks. Subtraction of one frame of

data from another was successful in eliminating the effects which skewed the histograms.




TESTING OF A DUAL-BAND INFRARED
FOCAL PLANE ARRAY AND AN INFRARED
CAMERA SYSTEM

Brian P. Beecken

Introduction

The Passive Sensors Branch (PL/VTRP) in the Space Sensors Division of Phillips Lab-
oratory is engaged in virtually every aspect of the development of optical sensors. Con-
sequently, I was able to choose from a wide variety of possible projects. Unfortunately,
none of these experimental research topics had all the necessary pieces in place for a fast
start. The decision was made to begin work on several tasks in the expectation that the
equipment would eventually arrive and then one project would become the focus of my
attention. Four different projects were begun.

The first project involved the use of a new Fourier Transform Infrared Spectroscopy
system to study materials for possible use as ultraviolet detectors. I conducted a litera-
ture search on this subject and assisted in floating the lab’s optical table. Unfortunately,
the spectroscopy system, although it arrived as scheduled, did not initially have the re-
quired resolution and was lacking a dewar. Thus the system was rendered essentially
useless during my time at Phillips lab.

A second project was the testing of IR hot-electron transistors (IHET). Before tests
could be made, the devices had to be inspected under a microscope and a proper pinout
diagram made. After this was accomplished, a test dewar needed to be prepared and
wired. The THET’s are driven by two bias voltages, and the output signal consists of
a very small current. The appropriate bias supplies and electrometer were located and
connected via an IEEE-488 bus to a personal computer. Under my supervision, a Lab
View program was then written by an undergraduate student. The Lab View program

was designed to step the bias voltages through an appropriate range at a chosen rate
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while recording the resulting current values. Initial checks of the instrumentation and
software were made on simple resistors. At this point, however, the equipment required
to proceed on another project became available, and actual testing of the IHET was never
performed. However, all the appropriate preparations have been made, so hopefully
someone else can get off to a quick start.

Considerably more headway was made in two other projects, although neither of
these came together in time to be completely finished during my tenure at Phillips lab.
The main sections of this paper serve as reports on the progress made on each of the
projects: the development of a portable test station for a dual-band focal plane array,

and the testing of a “first-of-its-kind” IR camera system.

1 Development of a Portable Test Station for
Dual-Band IR Focal Plane Arrays

Lockheed Martin IR Imaging Systems has recently developed a dual-band FPA which
simultaneously images with perfect registration in both MWIR and LWIR. Although the
primary responsibility for testing and characterization of this device will be handled by a
Phillips Lab contractor, Ball Aerospace, a need was seen for a portable test station that
would allow the device to be tested in the field. This somewhat parallel effort required
the adaptation of the general purpose portable test station currently being developed for
PL/VTRP by Wallace Instruments. The Wallace Instruments test station is designed
to run only 18 clocks, whereas the dual-band FPA requires 25 clocks. The number of
clocks required by the dual-band FPA is unusually high and would present a difficulty
for most testers. Lockheed Martin itself faced this problem during its internal testing
and circumvented it by using a standard Pulse Instruments test station to drive some of
the clocks and a programmable logic device (PLD) to drive the remainder. In addition
to the unusual method of obtaining the large number of clocks, Lockheed Martin had

failed to provide an adequate, clear, and complete description of the timing patterns
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required for the FPA’s various modes of operation. The primary goal of this project

quickly became the determination of the appropriate solution to the timing problem.

1.1 Programmable Logic Devices

First, an investigation was made into Programmable Logic Devices (PLD’s)—their ca-
pabilities and their use. Lockheed Martin had put together a test box which housed
their PLD, and our hope was to duplicate it. A PLD is an IC with many gates whose in-
terconnections can be programmed. They come in two basic types: combinational (logic
gates only), which provide an output based on a combination of inputs, and sequential
(logic gates plus on-chip D-type registers), which provide an output based both on the
inputs and on previous states. The timing task clearly requires the latter.

PLD’s are a natural choice for designing arbitrary synchronous state machines. They
are flexible in that if the timing pattern does not work or needs to be modified, another
PLD can be programmed and substituted without requiring the circuit to be re-wired.
This feature also allows multiple versions of the same test setup simply by exchanging
PLD’s.

PLD’s are programmed with a programmer, a piece of hardware that encodes the
PLD, often by burning fuses. Programmers connect via a serial port to a personal com-
puter which must run some form of programming software. The software varies widely
in complexity and sophistication. The simplest merely allows you to select which con-
nections to be made at the gate level. Some allow you to specify the Boolean expressions
or truth tables and the software does the rest, including optimization of the program
and a simulation. A complex design may require making a few hundred connections out
of thousands of possibilities. This situation makes it exceedingly unlikely that someone
would succeed in correctly specifying them all manually. Consequently, the choice of an
appropriate programmer and its software is an important decision.

For the sake of expediency, it seemed reasonable to attempt to replicate the Lockheed

Martin test box as closely as possible. Lockheed uses the Altera EPM5064 which Arrow
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Electronics stocks and sells for $30.99. The EPM5064 is an IC with a quartz window,
which facilitates the erasure of the logic with a UV light source.

Programmers are made by a variety of manufacturers and can be used to program
a wide variety of devices. PL/VTRP has already used and had good success with
similar products made by BP Microsystems. Unfortunately, their programmer for this
PLD costs $3,495. At the other extreme, Modular Circuit Technology manufactures a
programmer that JDR Microdevices sells for only $499. A logical approach seemed to
be the Altera programmer, the PL-ASAP2, which runs the Altera programmer software,
MAX+4PLUS II. Since Lockheed used Altera software to program its PLD, this approach
had the potential for using Lockheed’s source code for the PLD timing. Thus, using the
Altera programmer and software should provide both the timing control that PL/VRTP
would like and an easy method of accessing Lockheed’s baseline configuration.

The Altera programmer and software are sold by Arrow for $1995 and require a $250
adapter for the particular PLD to be programmed. Before making such an investment
I went to a demonstration of the product conducted by Altera’s local representative,
Nelco Electronix. After the demonstration, I learned that the Ball Aerospace people
who work at PL/VTRP use the Altera programmer and software to do all the timing
required for any FPA they are testing. This discovery saved the necessity of purchasing
another programmer and provided us with in-house expertise in the programming of
PLD’s. The only purchase required was the particular PLD, the EPM5064, and the

adapter for it.

1.2 Clocks and Biases for the Dual-Band FPA

After the appropriate method of generating timing patterns was determined, the next
logical step was to determine precisely what those patterns were and how they might
be altered for particular types of testing. It would seem that this would be a relatively
simple task with the appropriate documentation provided by Lockheed Martin. Unfor-

tunately, the documentation was difficult to understand, had numerous typographical
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errors, and as it turned out, was substantially incomplete. Part of the problem undoubt-
edly arose because many terms and diagrams in the documentation were initially made
for internal communication among those who already had familiarity with the device.
The remainder of this subsection is devoted to a summary of the pertinent informa-
tion about the Dual-Band FPA timing that has been gleaned after much study of the
Lockheed Martin documents and a long conversation with the designer of the readout
processor, Allen Hairston of Lockheed-Martin.

An early hurdle was deciphering Lockheed’s use of multiple labels for the same bias
or clock. The labels tend to vary depending on whether they are used on a master list,
a timing diagram, a timing program, or on the device pinout. The following table lists

both labels used in the documentation to describe the same bias or clock.

Identical Labels
VSS = VSSD
VDD = VDDD
VDSUB = VDDSUB
OUTM = LWOUT
OUTL = MWOUT
PCLK = PCK
PSNC = PLD SYNC

In addition to these duplicate names, all of which have been confirmed by Hairston, I
initially thought that MRAL and MRAM were the same as RADL and RADM, respec-
tively. Hairston pointed out that these are not the same.

Apparently, at Lockheed the PCLK, or “pixel clock,” is generated by the Pulse
Instruments system and is then fed into the PLD to clock it. At this point, PCLK
is also passed on to the FPA. Another PI clock, PSNC, is also required by the PLD.
Altogether, the Pulse Instruments system provides 12 clocks that go directly to the FPA
and 2 clocks that are used to clock the PLD. The PLD generates 12 clocks and passes
along the pixel clock to the FPA. There are a total of 25 clocks required by the FPA.
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A hand drawn timing diagram was provided by Allen Hairston. Although it is num-
bered only to 110 states, it actually shows 156 states. After 110 there are no changes
in what the clocks are doing. The output that correlates with this diagram is 18 dead
states + 66 data out states + 6 dead + 66 data out, for a total of 156 states or one
subframe. This diagram represents what Hairston calls “33-33” timing, which means
33 subframes of midwavelength and 33 subframes of long-wavelength. The subframes
are averaged, but not read out simultaneously. The cycle through 156 states must be
repeated 33 times for a total of 5,148 states in the timing pattern for one frame.

Hairston says “11-33” timing is Lockheed’s standard condition: 11 mid-wavelength
subframes and 33 long-wavelength subframes constituting one frame. Unfortunately,
the hand drawn timing diagram does not illustrate this condition. If it did, it would
have to be three times longer than it is. There would be two repetitions of 156 states (2
subframes) in which the mid-wavelengths are not being read out but the long-wavelength
subframes are, and then a third series of 156 states (1 subframe) during which both bands
are being read out. Thus, the total number of states in this timing pattern for one frame
are 156 x 3 x 11 = 5,148.

Correlating the Pulse Instruments coded timing with the hand drawn diagram was
not an easy task, partly because the code provided initially was not complete. Recently,
Mark Grammer of Ball Aerospace obtained from Lockheed timing coded in the Pulse
Instruments style for all 25 clocks for both 11-33 timing and 33-33 timing. He determined
that there are four Pulse Instruments clock states for each clock state on Hairston’s hand
drawn diagram. This fact has been confirmed by Kent Kuhler of Lockheed. It is also
true that Lockheed has a 6 clock offset between their Pulse Instruments clocks and their
PLD clocks. A memo from Kuhler to Grammer explains this in somewhat more detail
and suggests eliminating the offset if all clocks were to be run from the same system.
Note that the offset does not show up inAHairston’s hand drawn diagram. One other
noteworthy aspect of Kuhler’s memo is that it lists the six clocks that must be altered

when changing from 11-33 timing to 33-33 timing. They are LMM, RSM, AVM, MRAM,
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RADM, and RADL. It is also true that clock VRFC becomes irrelavent in 33-33 timing

and is therefore labeled as NUSE in some of the documentation.

1.3 Summary

Lockheed Martin did deliver some dual-band FPA’s as promised. An Altera PLD and
adapter were also obtained late in the summer. Unfortunately, Wallace Instruments
never did deliver any part of the test station, so the adaptation of the test station for
the dual-band FPA could not occur. Hopefully, however, significant progress was made
in determining what will be required in order to use the Wallace test station to test the
dual-band FPA’s. At least a few more of the pieces are in place. In addition, significant
progress was made in deciphering the documentation provided by Lockheed Martin.
Near the end of the summer I worked closely on the timing issues with Mark Grammer.
As of this writing, it appears that Mark has the functional timing patterns that are
required for testing, and Ball Aerospace is planning to begin testing in the very near

future.

2 Performance Evaluation of the LSTAT Infrared
Camera System

As part of the LSTAT program, Rockwell International and Maxwell Laboratories have
recently delivered a portable mid-wavelength infrared camera system to Phillips Labo-
ratory. This “first-of-a-kind” camera is almost state-of-the-art. It was designed for the
express purpose of demonstrating a wide range of infrared capabilities, with a particular
focus on the observation of rocket launches during the 1997 Rome Laboratory scaled
rocket tests.

The LSTAT camera is a portable camera system with a 640 x 480 FPA that is
designed to work in the MWIR. Accordingly, the lens is 3-5 pum. The system is controlled
and operated with a 486DX2/66MHz personal computer, which also serves to drive the
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monitor which displays the output. The FPA and the dewar are cooled with a closed
cycle cryo-cooler which has its own power supply.

Unfortunately, there is virtually no documentation with the camera system. Dr.
James Duffey of Maxwell demonstrated the operation of the camera to me, and he has -
written a one and a half page set of instructions for turning the camera on and getting
it running. However, there is no information, besides limited software help menus, on
how to operate the fairly complex and sophisticated software that runs the camera.

Overall, the camera works well and gives very vivid imagery of common objects
close to room temperature, such as human bodies. The software does an excellent job
performing gain and offset corrections that make the scene look quite uniform to the
eye. The camera can also be run without the gain and offset corrections, and the result
is dramatically different. The picture is very grainy with many dark spots and one large
dark streak across the array. In addition to gain and offset corrections, the software
allows for bad pixel replacement. This feature appears to fill in every offending pixel
with an average value from those pixels around it. There is one cluster of bad pixels on
the array which are roughly circular and show up on the monitor as a dark spot with a
diameter on the order of 3/8 of an inch. After bad pixel replacement is done this spot

shrinks to approximately 1/8 of an inch in diameter.

2.1 Software Shortcomings

Clearly the software is very complex and handles some very sophisticated chores as 1t
processes the data stream that flows from the FPA. Regrettably, the user interface gives

many indications that it was put together quite quickly. Here is an incomplete list:

e Most of the menu options do not indicate whether choosing the option will bring

up a dialog box or whether it will immediately execute the option.

e The help windows are littered with typographical errors.
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Several help windows are only a line or two long and do little more than restate

the options that motivated the user to request help.

Several help windows state that “this procedure is not yet complete,” or that “this

section is in the process of being updated.”

Not all of the image is viewable on the monitor. It appears that several rows and

columns are missing, but not in equal quantities on opposite sides.

When the DSP test is run, the resulting message appears positive, but then the

software locks up and must be rebooted.

Under Display Setup, clicking to change the units to Celsius will yield an error
message that states you cannot take the square root of a negative number. Then

the software crashes.

According to the help menu on Save Image, the only way that consecutive frames
can be captured and saved is by checking the option use DSP for capture in the save
window. (Incidentally, the maximum number of frames that can be saved in this
manner is listed as 6.) When an image is averaged over up to 6 frames and stored
with this box checked, it can no longer be viewed. If the box is left unchecked,
then a file that contains an average of several frames can easily be viewed. This is
a potentially serious issue because it calls into question what the DSP boards are

doing. It also negates the possibility of recording successive frames.

When saving an image there are two file formats possible: .mat which according
to the help window is a Matlab readable file, and .img which is a raw image with
the individual pixel values recorded in binary and preceded by a header. (Details
about the header are available in the help windows.) If an image is saved and then
viewed and then saved again, it appears that the file is corrupted—primarily the
edge pixels, but the header may change also. This seems to be the case even if the

viewed image is saved in the same format as the original.
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e The bad pixel replacement options are located in a very unexpected place: under

the Setup menu, in the Image Orientation window.

Most of the problems listed above are merely of the nuisance variety. There are,
however, three problems with the software that impede progress toward quantitative
measurements. First, under the Image menu is the window labeled Image Statistics.
It contains a histogram of the pixels with each bin being the digital value a pixel can
have and the height indicating the number of pixels with that value. Unfortunately, the
horizontal axis is usually nonlinear, with gaps forming and closing depending on the
scale chosen. The part of the array that is being histogrammed, is adjustable by sliding
bars on the display. A boxed area appears on the monitor indicating which pixels are in
the histogram. Numbers are displayed which are supposed to indicate the position and
size of the box, but they are unreliable. Apparently, the user is supposed to be able to
click on these numbers and enter values by hand. Unfortunately, attempting to do this
results in very erratic behavior and has caused the software to crash. Another problem
is the inability to print out the histogram or even to store it in a file.

The difficulties in the image statistics feature of the software are unfortunate. At-
tempts to make quantifiable estimates of the cameras performance would be greatly
facilitated by the capabilities that are purportedly here. To be fair, the help window for
these features does state that they are not yet fully implemented. So there is hope that
these tools may soon be available.

A second problem involves the replacement of bad pixels. There are two important
aspects of this process. First, what scheme is used to replace the bad pixels, and second,
how the bad pixels are determined. As mentioned above, the replacement scheme is
chosen in the Image Orientation window. Unfortunately, this window does not describe
the various options. Instead, the user must pick from a list of file names ending in .prs.

The determination of which pixels are bad is a bit of a mystery. Statements in the
help windows seem to indicate that during the offset and gain correction those pixels

outside of some correction range are considered bad. These statements are confirmed
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by a display which appears after offset and gain correction is performed and indicates
the number of bad pixels. The number varies from one correction to another, but it is
usually around 4 %. Presumably addresses for the bad pixels are then placed in a file like
“last.bad.” However, in the Uniformity Correction window there is a choose bad pizel
file option. Here there are four listed options, but no matter which the user checks, the
top one, permanent file, is always the one checked after the calibration is done. Despite
this observation, I believe that a new bad pixel file is created during each calibration
and the bad pixels listed in it are the ones replaced. This purely subjective opinion is
based on the significant improvement that occurs each time bad pixels are replaced.
The third problem is a very difficult obstacle to overcome in any quantitative evalua-
tion of the camera’s performance. It is the almost complete lack of information regarding
what the software is doing to the data coming off the FPA. It would be extremely helpful
if there was an explanation of how the software does its offset and gain corrections. The
results look good, but how were they obtained? The next subsection discusses this and

related issues.

2.2 Pixel Values

Before data of any quantitative significance can be obtained, it is necessary to have a
thorough understanding of the numerical values obtainable for individual pixels. Under
the Image menu, there is an option called pizel intensity. Choosing this option allows
the user to select individual pixels with the mouse. A pointer, x-y coordinates, and an
intensity value are displayed on the monitor. The intensity value can range from 0 to
4095, clearly the base 10 equivalent of a 12 bit binary number. Under Image Statistics,
the histogram displays bins over the same range and calls this axis A/D Counts. It
seems very clear that these are the same numbers.

As mentioned before, when a file is saved, the user has two options. It can be saved
as raw image file with a .img extension, or it can be saved as a Matlab file with a .mat

extension. Despite the efforts of someone familiar with Matlab, Anjali Singh, she was
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unable to pull these files up into Matlab running on a Sun workstation. The .img files
were more useful. I was able to enlist the help of a programmer who wrote a short C
program which converted the 16 bit integers representing individual pixel values into
base 10 format. The files were then readable in a standard spreadsheet program. Direct
comparison of individual values on the spfeadsheet with those selected by the cursor on
the saved, displayed image showed perfect correlation.

As would be expected, the offset and gain correction, as well as the bad pixel replace-
ment, will affect the values of the pixels. However, it is vitally important to understand
that even if these options are turned off, the pixel values are not representative of the
digital values coming from the camera. Under the Setup menu there is a video setup
window that allows the user to change video gain and video offset. The video gain can
take values of 0, 1, 2, or 3. The video offset has thousands of different settings. Both of
these parameters have a major impact on the value of each pixel.

Raising the video gain parameter stretches the pixel values out so that two different
intensities in the actual scene will have values that are farther apart in the 12 bit range.
The effect is much like increasing the contrast on a monitor. An increase in the video
offset of about 10 causes a decrease of roughly 100 in the pixel values. (The inverse
relationship and factor of ten is surprising.) This additive effect is analogous to changing
the brightness control on a monitor.

Apparently the digital signal coming off the array is processed in several different
ways. For the pixels, the video offset is an additive shift and the video gain represents
some multiplicative factor. Likewise, individual pixels can undergo an offset and gain
correction, and some pixels deemed as bad might be replaced. Offset and gain correction
can be turned off, or replaced with a global offset and gain correction of the users choice
(an option under the calibration menu). Of course, bad pixel replacement can also be
turned off, but the video gain and video offset parameters will always be affecting the
pixel values. Unfortunately, all of these parameters affect the data in undetermined

ways. This circumstance severely restricts the collection of quantitative data.
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2.3 Data

An estimate of the camera’s field of view was made using a meter stick. The camera
was focused nearly at infinity, and marks were made on a wall at the edges of the image
displayed on the camera’s monitor. Simple trigonometry yielded a vertical field of view
of 7° and a horizontal field of view of 9°. The angle given is the one subtended by the
viewed area as measured from the center of the lens system. As reported earlier, not
all of the detector image is visible on the particular monitor supplied. If the monitor
is replaced with a standard VGA unit, it is possible that then every line and row put
out by the FPA may be viewable. Hence, the field of view numbers given here are only
estimates.

Offset and gain correction is necessary to obtain anything close to a quality image.
During the offset and gain correction procedure, the software requests both a uniform
warm and a cool source to completely cover the lens and provide two points as a basis
for the correction. Typically the lens cap is put on for a “cool” source and a human
hand is used to cover the lens for a “warm” source. Dr. Duffey and others at Maxwell
apparently spent considerable time and effort attempting to find the best warm source
for the higher temperature. According to the lab book that accompanied the camera,
they were only able to achieve marginal improvement over the warm hand. The lens cap
and hand sources were used for most of the offset and gain corrections done during the
week I tested the camera system.

On one occasion, after offset and gain correction using room temperature and skin
temperature, a match was lit in view of the camera. The image showed considerable
blooming from this very bright IR object. In these excessively bright areas, the image had
a stationary background graininess and nonuniformity, appearing much like that of the
uncorrected image. On another occasion, I used a piece of foam soaked in liquid nitrogen
as the cool correction source and the lens cap as the warm source. After this offset and
gain correction, human skin had a mottled and grainy stationary background much—

like what occurred earlier when the match was lit—although there was no noticeable
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blooming. Most likely, both the hot flame for the cap/hand calibration and the skin for
the LN, /cap calibration are far enough outside of the correction range that the inherent
nonuniformity of the FPA is observed in the camera’s image.

After using offset and gain correction with the lens cap and hand, the lens cap
was reinstalled on the lens. Then images of the lens cap were saved in .img files and
analysed. Some files consisted merely of one frame, while others utilized the camera
software option of saving the average of multiple frames. The files were then converted
to into standard spreadsheet files and histograms were made. Each data point on the
histogram corresponds to one bin—the width of which is equal to the smallest increment
available in a 12 bit system. If the data had not been manipulated by the software, one
would expect that the resulting histogram would be a Poisson distribution. The actual
result, however, cannot be Poisson because the mean value is altered by the video offset.
Of course, the mean value of a Possion distribution is its variance. Thus, the variance
as determined by the mean value would be arbitrary even though it is clear that the
shape of the distribution must be determined by the response of detector elements to
incident photons. All of these histograms showed a definite asymmetry, with the steep
side being on the lower count side and a long tail extending to the higher count bins. The
histograms of single frames were not smooth. As the number of frames in the average
was increased, a definite secondary peak appeared on the higher count side of the mean
(cf., Figure 1).

The double peak was interesting. Realizing that the FPA readout is divided into
four quadrants, I decided to make separate histograms of the left side of the image and
the right side of the image. The right half showed virtually no sign of the secondary
peak, whereas the histogram of the left side showed two peaks of almost equal height
(cf., Figure 2). This observation would appear to indicate that the two quadrants on
the left side had slightly different offsets, even after offset and gain correction had been
performed. This hypothesis may have been confirmed by breaking down the data into

four separate quadrant histograms, but there was not enough time available for such
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Figure 1: Histogram of 100 frame averages taken at room temperature have a secondary

peak.

analysis.

Data files were also subtracted from one another on a pixel by pixel basis. The results
were then put in a histogram. The mean values of these histograms were within about
one bin width of zero for both single frames and for the difference of 16 averaged frames
subtracted from another 16 averaged frames. When 100 averaged frames were subtracted
from another 100 averaged frames, the resulting histogram had a mean that was 2.7 bins
removed from zero. This shift is interpreted as a drift in lens cap temperature resulting
from the long period of time (over 3 minutes) required to take 100 frames of data.
The histograms appeared to be quite Gaussian in shape, being quite narrow. The single
frame difference had a standard deviation of 3.7 bins, whereas both the 16 and 100 frame
average difference had a standard deviation of 1.8 bins. Apparently, further averaging
no longer reduces the inherent photon noise.

The very Gaussian appearance of the difference histograms was expected. All gain
and offset correctiohs, in addition to nonlinearities, optical effects, and bad pixels, should

be removed during the pixel-by-pixel subtraction. Thus, in effect, the distribution that
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Figure 2: The histogram of only the left half of the FPA for 100 frame averages.

results from the subtraction should really be the subtraction of one Poisson distribution
from another. With this camera system and its software, this is the closest one can come
to getting “raw” data. An unexpected observation was made when it became apparent
by looking at the spreadsheet that those numbers that represented the differences near
the edges of the array were generally somewhat smaller than those near the center.
Earlier, I had noticed that more radiation falls in the center of the array, apparently
due to vignetting caused by the lens system. The lower light levels would imply lower
incident photon rates and thus lower photon noise. The lower noise shows up as smaller
differences between frames.

One day a double piece of aluminium foil was inserted into the camera’s dewar
and attached to the cold stem so as to completely cover the FPA’s field of view. The
dewar was then pumped out and cooled in the standard manner. No offset and gain
correction was possible because the camera could not view two different temperatures.
Interestingly, whereas before there were both bright and dark speckles in the image,
under these conditions only bright specks appeared and no longer could the bad cluster

of pixels be observed. The image had four distinct quadrants, with the two on the right
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being significantly darker than the two on the left. The histograms of one frame, 16 frame
averages, and 100 frame averages all showed very distinct and separate peaks. The peaks
were of comparable height and were separated by values similar to the individual value
differences between the left and right sides that could be picked off the monitor using
the pizel intensity option. It seems certain that the double peak is caused by different
dark current levels in the different quadrants of the uncorrected data.

Difference histograms were made in the same manner as before and they again were
very Gaussian in appearance with extremely narrow peaks. The means were all close
to zero with the one frame difference being the farthest from zero at a 0.24 bin offset.
Presumably the LN, block did not drift as much in temperature during 100 frame aver-
aging as the lens cap did. The standard deviations of the histograms were all more than
their room temperature counterparts: 5.0 bins for the one frame, 2.9 for the 16 frame,
and 2.7 for the 100 frame. As before, the standard deviation did not shrink significantly
when going from 16 frames to 100 frames.

Surprisingly, under the Setup menu, in the Video Setup window, the integration time
and the frame rate of the FPA itself can be adjusted. While the camera had the LN,
block, the mean value of all pixels was recorded for different integration times. The
results were quite linear as is evident from Figure 3. Data were taken at video gains of
both 1 and 2. As expécted, the data for the larger gain has a greater slope. For each
integration time the mean value was found for several different frame averages. Whether
there was only one frame taken or there were 100 frames averaged together, the average
pixel value was essentially unchanged. The averages of the pixel values were obtained
from the Image Statistics window. The only time that the integration time was not set

at 2.03 msec was when these data were obtained.

2.4 Summary

Substantial progress was made in evaluating the IR camera system. Unfortunately, most

of the limitations discovered were caused by the software, rather than the performance
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Figure 3: Mean value of all pixels plotted as a function of integration time. The dewar

is blocked off at the cold stem. Note that the data for the greater gain setting has a

slightly greater slope.

of the hardware itself. Originally, we had hoped to determine whether the system perfor-
mance was background limited, and if so, at what temperature background it would no
longer be operating at BLIP. Instead, much time was spent trying to learn the nuances
and intricacies of the software. A number of problems were identified and are reported
here. Progress was made on determining what the software does to the raw data and
how it goes about doing it, but our knowledge of this important aspect of the camera
system is still inadequate. Concrete data was taken on things like the camera’s field
of view, and histograms were made of the individual pixel values on the array. These
histograms showed significant asymmetry, probably caused by the software processing,
but histograms resulting from subtraction of frames had the expected Gaussian shape.
One puzzling aspect of the data was an apparent difference in the offset values for one

quadrant. This last result has not been confirmed and should be examined further.
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TILT SENSING TECHNIQUE WITH A SMALL APERTURE BEAM AND RELATED PHYSICAL
PHENOMENA

Mikhail S. Belen’kii
Principle Research Scientist
Electro-optics, Environment, and Materials Laboratory
Georgia Tech Research Institute
Atlanta, Georgia 30332-0834

Abstract
A tilt sensing technique which does not require transmitting laser irradiance through the main optical train is
described. The method exploits a small aperture beam transmitted from behind a portion of the primary mirror of the
main telescope. The main and auxiliary telescopes are used simultaneously to measure the LGS image motion. A
one-axis component of the full aperture tilt is determined by subtracting the tilt measured with the main telescope,
from that measured with an auxiliary one. The two effects, namely a tilt angular anisoplanatism and tilt focus
anisoplanatism, which determine the required parameters of the tilt measurement scheme and the tilt sensing error,
are studied by taking into account a finite outer scale of turbulence and vertical distribution of the strength of
turbulence. A tilt angular correlation scale and tilt averaging function are quantitatively estimated. Parameters of the
tilt measurement scheme are determined. The two experiments, namely Polaris jitter and Moon-edge jitter
experiments are designed and carried out. The goal of the first experiment is to determine the effect of non-
Kolmogorov stratospheric turbulence on the star image motion. A second experiment was designed to study a tilt
angular correlation and to obtain the data which are required to design a tilt sensing experiment with a LGS. The two
additional experiments are designed as a part of the Summer Research Program. A technical objective of one of these
experiments is to study a LGS image motion for a monostatic laser beacon method and to test the technique for
remote sensing of the vertical profile of C?(k) by using a modified LGS scheme. The technical objective of another

experiment is to demonstrate and test a technique for sensing full aperture tilt with a laser guide star.
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TILT SENSING TECHNIQUE WITH A SMALL APERTURE BEAM AND RELATED PHYSICAL
PHENOMENA

Mikhail S. Belen’kii

Introduction

By sensing and compensating for the atmospheric wavefront aberrations in real time, adaptive optics systems {1-3}
can potentially provide us with a diffraction limited resolution for the large aperture telescopes. However, a
conventional laser guide star (LGS) adaptive optics method does not permits us to sense full aperture tilt. That
inability to sense full aperture tilt greatly limits the area of the sky accessible for adaptive optics correction. This
area is limited to about 0.1 %. To achieve full sky coverage, a tilt sensing techniques with a LGS should be
developed.

The technique that permits us to sense full aperture tilt with a laser beacon has been recently proposed {4,5}. This
technique exploits a full aperture beam transmitted through the main optical train and two auxiliary telescopes
separated in transverse directions. A tilt decorrelation due to angular anisoplanatism is used in this method to
eliminate the contribution of the down propagation path to the tilt measured with an auxiliary telescope. This
contribution is eliminated by averaging a LGS image motion over a laser beacon angular extent. The proposed
technique, however, cannot be used for the mesospheric sodium layer. That is because of the fluorescence of the

optical train.

A tilt sensing technique which does not require transmitting laser irradiance through the main optical train was
developed as a part of the Summer Research Program. This technique exploits a small aperture beam transmitted
from behind a portion of the primary mirror of the main telescope. The main and auxiliary telescopes are used
simultaneously to measure the LGS image motion. A one-axis component of the full aperture tilt is equal to the
difference between the measurements of LGS motion taken with the main and auxiliary telescopes. This technique
does not require transmitting laser irradiance through the main optical train. Due to this fact it might be used for the

mesospheric sodium layer.

A tilt angular anisoplanatism and tilt focus anisoplanatism are studied by taking into account a finite outer scale of
turbulence and vertical distribution of the strength of turbulence. A tilt angular correlation scale and tilt averaging
function are quantitatively estimated. The required parameters of a tilt measurement scheme and a tilt sensing error

are determined.

The Polaris and Moon-edge jitter experiments were designed and carried out. The first experiment was designed to
determine the effect of non-Kolmogorov stratospheric turbulence on the star image motion. The goal of a second

experiment was to measure a tilt angular correlation and to obtain the data which are required to design a tilt sensing
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experiment with a LGS. Two additional experiments were also designed. One of these experiments is devoted to a
study of a LGS image motion for a monostatic laser beacon scheme. Even though such a scheme does not permit us

to sense full aperture tilt, it can be used to sense vertical profile of CX(h) remofely. The technical objective of the

other experiment is to demonstrate and test a technique for sensing full aperture tilt with a laser guide star.

ilt sensi chnique with a smal

Let us assume that a small aperture beam with the radius, a,, which is much smaller that the radius of the primary
mirror of the main telescope, a, <<a,, is transmitted from behind a portion of the primary mirror, for example,
behind a secondary mirror. Due to turbulence this beam is displaced at an angle @,, (see Fig. 1). This angle might
be presented as a sum

P = s+ Pir(P). 1
Here @,, is the full aperture tilt for the primary mirror, and @,,(p) is the local tilt depending on the beam director
position. The overall beam tilt, @,,, does not depend on the size of the primary mirror, but both tilt components,

¢;,» and, ¢ . (p), depend on this size.

As one of the term in the sum presented by Eq. (1) is the full aperture tilt, @,,, the correlation of the angular motion

of the small aperture beam with the image motion of a natural star observed with the main telescope, @,, coincides

with the star jitter variance (q)wtpm):((pfm ) =(p},)- This result is consistent with Eq. (6) in {4). The last equation
H

has the form (@,,0,5)=4.05-2" [C:(£)(1 - &/ H)(a}(§) + a}) " dE, where a,(§) is the average size of the beam. By
o

neglecting the average size of the beam, as compared with the telescope radius, a, <<a,, and neglecting the path
weighting function for the sodium beacon, from the above expression one can also determine that the correlation

(.,@4s) coincides with the jitter variance for a natural star (@,,0,;) = (@3s)-

Let us assume that the laser beacon, formed by a small aperture beam, is observed with an auxiliary telescope. The
tilt measured with an auxiliary telescope tilt, @,, contains an additional tilt component, @,

0, =P+ P @
which is due to the contribution of the down propagation path. Because of the tilt anisoplanatism, the tilt
component corresponding to the down propagation path, @, depends on FOV of the receiver, 8,. If FOV of the
receiver is much larger than the tilt angular correlation scale, 6,>>6,, similar to that for the scheme with a full
aperture beam {4,5}, the contribution of a down propagation path might be eliminated by averaging a LGS image
motion over a laser beacon angular extent. Therefore, the overall beam tilt, @,,, corresponding exclusively to the

upward propagation might be measured with an auxiliary telescope. However, besides the full aperture tilt, @, this
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tilt contains the local tilt ¢,.(p). The local tilt should be eliminated. It can be done by using both the main and

auxiliary telescope simultaneously to measure a laser beacon image motion.

In {4} it was shown that, due to the reciprocity of propagation paths, the full aperture tilt,@,,, in the strictly
backward direction is perfectly compensated. However, it is not compensated in the lateral direction. Therefore, with
the main telescope only the local tilt, @,,(p), can be measured: @, = @, — @, = @,(p). At the same time, with an
auxiliary telescope one can measure the sum @, = @,, + ¢ . The implication is that the full aperture tilt, @,,,
might be determined by subtracting the tilt measured with the main telescope, ¢,,, from that measured with an
auxiliary one, @,,

Prs =Pp—Pu- &)
With a single auxiliary telescope only a one-axis tilt component might be sensed. To sense the two ﬁlg components,

the two receiving telescopes are required.

In the scheme with a full aperture beam {4,5} an uncontrolled motion of the main telescope does not affect the tilt
sensing accuracy. That is because both the transmitting beam and the starlight pass through the same optical train.
However, this is not true for a small aperture beam. In this case, an uncontrolled telescope motion should be
eliminated. It can be done by measuring the differential motion of the two beams at the output of the telescope, or at
the distance where the atmospheric turbulence effect is negligibly small. One of the beams is a high power laser
beam transmitted from behind a portion of a primary mirror, and another beam is a low power beam transmitted

through the main optical train. A description of a tilt sensing technique with a small aperture beam is presented in

{6}.

Tilt angular anisoplanatism

The angular correlation of the tilts for two plane waves arriving at the telescope of diameter D, at the angle 0 and @
is considered by using the Zernike polynomials expansion for the atmospheric wave-front distortions {7-10}. For the
von Karman power spectrum of the refractive-index fluctuations ¢,(K)=0.033C}(K* + K}, )-m,where
K,, =3.08/L,, atilt correlation coefficient has the form

[ dnC(p)- [T ak(K* + K2 )" J;(K)[J, (ZDQ’- KJ;JZ (ggﬁ K):l/ K

a

b, (6)= . @)

[PanC(n)- [dK(K* + K2 ) JH(K)IK
where J; and J, are the Bessel functions. The negative sign in Eq. (4) corresponds to the longitudinal, or parallel to
the separation @, tilt, X, whereas the positive sign corresponds to the lateral tilt, Y. The tilt comelation coefficients

calculated by using Eq. (4) for the vertical profile C?(h) given by the model C?(h)=C} exp(-h/ h ) are shown in

Fig. 2. Here h is the effective altitude, or characteristic scale, of the turbulent atmosphere determined by the ratio
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=g,/ u, of the first two moments for the vertical profile C](k): i, = [ C(r)dh and p, = [ C;(h)hdh. If the
parameters C7, and k are equal to C3, = 2.37x107°m™" and % =934 m, respectively, the two moments M, and L,
for the above C’(h) model coincide with that for the Hufnagel-Valley (HV,;) model {11,12}. For the HV-54 model

these parameters equal C2, = 8.55x107*m™" and h =3,466m.

The tilt structure function, or tilt anisoplanatism, D,(6), is related to the tilt angular correlation coefficient b (6)
through the equation

D,(6)=([4,(0) ~ a,(O) ) =207 (L, / D)1 - b,(6/6,)], ®
where 0> is a one-axis tilt variance depending on the ratio Z, / D. Therefore, one can calculate the tilt strucure

function by knowing the correlation coefficient b,(6) and the variance O'y’ .

From Fig. 2 it is shown that the tilt angular correlation coefficients gradually decrease with increasing the angular
distance @. For small separation (8 <<6,) they have the asymptote b, (6)~1 —(9/9,)2. For the large angular
separation @ >>6 and for the Kolmogorov model with L, = e the asymptote has the form (0/6,)"". For a finite
outer scale L, and large angular separation 6, the correlation coefficients for the lateral and longitudinal tilt have the
asymptotes (6/6,)" and (6/ 6,)", respectively. Therefore, the asymptotes and the tilt angular correlation

coefficients behavior for the finite and infinite outer scale are different. The implication is that the Kolmogorov model

with infinite outer scale (L, = ) does not permit us to describe the tilt angular correlation.

One can introduce the tilt angular correlation scale, 8,, as the distance between the propagation paths over which the
correlation coefficient b, decreases to the level e’ (,6)= e™). From the numerical estimates for b,(6) presented
in Fig. 2, it is easy to find that the tilt correlation scale 6, is equal to

6, =o(L,/D)D/h, (6)
where @ is the coefficient of proportionality. This coefficient describes the effect of the outer scale of turbulence L,
on the tilt correlation scale. When @ = constant, the tilt comrelation scale 6, is proportional to D, however, due to
the dependence a(L, / D), the tilt correlation scale 6, varies with the telescope diameter D non-linearly. The latter is
seen in Table 1, where the estimates for the tilt correlation scale 6, for different models C; (k) and outer scale L, are

presented.

The tilt correlation scale 6, increases with increasing both the telescope diameter D, and the outer scale L. The

correlation scale 6, is smaller for the model HV-54 than that for the model HV . The later is due to the fact that the

HV-54 model contains stronger turbulence at high altitudes than the model HV ;. The high altitude turbulence more
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severely degrades the tilt angular correlation than that near the ground. The implication is that one can expect the tilt

correlation scale to be smaller at the sites with good seeing conditions than that at the sites with bad seeing.

Table 1. Tilt angular correlation scale, 6,, arcsec
Telescope diameter, D, m 0.1 0.2 0.3 0.5 1.5 35
HV-54, Lo=3 m 13 21 26 33 69 139
h=3466m |Lo=6m 17 27 35 46 87 172
HVsn, Lo=3 m 48 78 96 122 255 516
h=934m Lo=6 m 63 100 130 170 323 638

A tilt anisopalanatism was recently measured with a 2.4 m telescope in {13}. A it angular correlation with a
variable aperture was measured in {14}. According to {14}, for a 0.35 m aperture a tilt angular correlation drops
down to 0.2 at an angular distance of 90 arcsec. This is consistent with the estimates for the HV-54 model and
L,>6m.

In Fig. 3 the tilt correlation coefficient b,(6) is plotted versus 6/6,. In this scale the curves corresponding to
different outer scale of turbulence, L, coincide with each other, and represent a universal tilt correlation curve.
According to {5}, the image jitter variance of an incoherent secondary source, (5;,), is related to the tilt angular

correlation coefficient, b, (8), by the equation

5.y

g 2 IZ'S (N
(@ )=$L b,(616,)1 - 616,46, m

where ((p,’,s) is the image jitter variance of a point source for an auxiliary telescope. The dependence of the ratio
((75;',)/ ((p,z,s) on FOV of the receiver, or the tilt averaging function, calculated by using the universal curve for
b,(6), is shown in Fig. 4. It is seen that the ratio (@, )/(¢};) diminishes to the level 10" if 6, =25-6,, and it
diminishes to the level 5-107 if 6, =75-6,. The above curve permits us to estimate the parameters of a tilt
measurement scheme. The three parameters, namely, an auxiliary telescope diameter, D,, FOV of this telescope, 6,.
and the separation, A, should be estimated. As the tilt correlation scale 6, is proportional to an auxiliary telescope
diameter, 6, =c - D,, this diameter should be small. However, the fact that the variance(@};) increases with

decreasing an auxiliary telescope diameter, (¢2ps) = D", should be also taken into account.

The estimated parameters of the tilt measurement scheme for the sodium LGSs and for L, = 3m are presented in

Table 2. For the estimated parameters a tilt sensing error due to contribution of a down propagation path is of the

order of 15% for a 1.5 m telescope.
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According to Table 2, the distance, A, between the main and auxiliary telescope for the sodium beacons is of the
order of several kilometers. By using the linearity property of the integral expression in Eq. (7) this distance might

be reduced. Indeed, if an array of the two auxiliary telescopes is used to sense a one-axis tilt component, an integral

6, 6y, 8,
in Eq. (7) might be divided into two parts: [f(8)d0 = | f(6)d6 + [f(6)d6. Here 6, is FOV of one of the
[] 0 8,,

receivers, which senses the Rayleigh portion of the scattering column, or Rayleigh LGS, and 6, -6, is FOV of

another receiver, which senses the sodium LGS. Due to the fact that the angular size of the sodium LGS is reduced, a
smaller distance between the main and auxiliary telescope, A, is required. The results of analysis of a tilt angular

anisoplanatism are presented in (15). A tilt sensing error is another important characteristic of the tilt measurement

technique.
Table 2. Parameters of the tilt measurement scheme for the sodium beacons _
Separation
. Auxiliary telescope between the
LGS altitude, LGS range, diameter, FOV of the receiver, | telescopes,
H,Km 2a,,,,Km ' D,m 8,,arcmin A km
HV-54 model
90 T 20 [ o2 [ 133 [ 16
HVsn model
90 I 20 ] 0.2 | 39 | 4.7

Tilt sensing error and tilt focal anisoplanatism
The accuracy of sensing tilt is characterized by the normalized mean square difference between the instantaneous tilt

for a scientific object, or natural star, @,,, and that for the laser beacon at the same zenith angle,
2\1/2 172
5=((Pics =) ) NPix)" =8 {Pis)

Here ((p,’,,s)”z is the natural star jitter rms. By taking into account that the LGS tilt, @, contains four statistically

12

®

independent components, @, = @, + P+ Pr, + Ppg5, Which might contribute to the tilt sensing error, one can
present the 82 in the form 82 = &2, +{(P3) + (05 ) + (Ples)- Here @y, is the tilt component corresponding to an
uncontrolled telescope motion; @, Tepresents a pointing stability of the transmitting beam, and

o = (((pns - q’w)z)-

Due to the fact that for the tilt sensing technique with a full aperture beam the main telescope motion contributes

simultaneously to the image motion of a natural star and motion of the transmitting beam, an uncontrolled motion
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of the main telescope @;,, does not affect the accuracy of sensing tilt. Therefore, one can exclude this component
from the analysis. The component ((pisu) representing the pointing stability of a laser beam might be eliminated by

selecting an appropriate laser and/or expending the laser beam to the size of the main telescope. The implication is

that the two components: {93 ) and &}, contribute to the tilt sensing error 8;. The component, (P%), is due to the

contribution of a down propagation path to the LGS image motion, or due to tilt anisoplanatism. The component,

52, is caused by the deviation of the ray trajectories for the transmitting beam from that for a star wave.

To estimate the tilt focus anisoplanatism, 8%, ={(@})+(p})—2(,s@y). the three moments (03 ).(0},), and
(Q)Ns%,) should be evaluated. These moments were calculated in {4} for the Kolmogorov spectrum with infinite

outer scale (L,= ). Here we take into account a finite outer scale L,. Similar to {4} both the tilt for the

transmitting beam, @,, = p,,/ H, and for the star, @,; = p, / F,, are characterized through the corresponding energy
centroids p,, and p,,, respectively. The radius—vector of the energy centroid of the laser beam at altitude H is
determined by the formula g, = [I(H, R)RA’R/ P, where I(H,R) is the intensity distribution in the cross section
of the beam, and P, = jI(H, R)d’R is the total beam energy. A star image energy centroid is equal to
Prs = I.(R)RA’R/ P, where I,(R) is the intensity distribution in the focal plane, and P, = JI(R)@’R is the total
flux of a star light passing through the telescope.

The expression for p,, has the form

B = -Zl?fdg [ RI(H,R)V (£, R). ©

Here, V¢ is the transverse gradient of the dielectric permitivity. By using a geometric-optics representation for the

phase fluctuations in a plane wave, the expression for the star image energy centroid might be presented in the form

2; ]:dé [ dRT(R)V (& R). (10)

Pys =

By using Egs. (9) and (10), one can calculate the moments that are needed to estimate the tilt sensing error 82,. The

calculations might be performed by using the Furutsu-Novikov formula, {16} which permits us to "split" the

correlations of the integral I(£, R) and local £(£ R) quantities, and an approximation of a Markovian random

process for the process €. The process € is assumed to be a Gaussian and homogeneous. That permits us to present

the correlation B,(x,p,x',p'} in the form {16}
B(x,p.x',p')=8(x - x')x 2n | d*K exp(-—il?(ﬁ -p ))¢E(IE')., an

where ¢E(I? ) is the power spectrum of the dielectric permitivity fluctuations, ¢,(K )=4¢,(K) .
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By using Egs. (9)-(11), the above assumptions and Gaussian approximation for the telescope transmitting function,

T(p), one can obtain

(0u®m) =25 [ CLEA- &/ H){[a (&) + 8, TV ~[(a(©) + a + QLYT"}dE, 12)
(9L) =3[ CHEA-E/HY{[a (G —[a, (&) + ALY T }dE, a3)
(93) = 5] CHENG - (@ + LYY "), a4

where § =4.05, L, =L,/2x, a,(£) is the average size of the beam, and a, is the transmitting telescope radius.
This radius coincides with the initial radius of the beam, a, =a, . For HE >>1 Egs. (12)-(14) might be simplified

by replacing a,(£) with the expression a, (5) =a,(1-&/H).

From Egs. (12)-(14), it follows that similar to that for the higher order wave-front distortions {17,18}, the error
caused by tilt focus anisoplanatism, &, , decreases with increasing the LGS altitude H. The absolute value of the tilt
focus anisoplanatism error 87, also decreases with increasing the telescope radius, as 62, =(a,)”", but the
normalized value of the tilt focus anisoplanatism, &, /(qof,s), does not depend on the aperture size a,. This is due to
the fact that both variance for the natural star, ((pf,s), and for the beam, (qﬁj), as well as the correlation term,

<‘pws¢u), are proportional to (a, Y3,

Let us consider the transmitting telescope having a 1.5 m diameter, and the receiving telescope having a 0.2 m

diameter. The numerical estimates show that for H = 10 km, L = 3 m and for the HV-54 model, the total tilt sensing
error is 8,= 0.34 (92, )"*. For the HV,,, model this error equals to 5,=0.46 (¢)"". It should be noted that the tilt

sensing error &, decreases with increasing the LGS altitude and FOV of the receiver.

Experimental study of the polaris image motion

In order to reduce a tilt sensing error caused by focus anisopalantism, a LGS altitude should exceeds the altitude of
the tropopause (H = 10 km). In this case a non-Kolmogorov stratospheric turbulence (at the altitudes H > 10 km)
might contribute to the LGS image motion, as well as, to the image motion of a scientific object. The stratospheric
turbulence effect on the star image motion was quantitatively estimated in {19}. To verify the theoretical
predictions, a Polaris jitter experiment was designed and carried out at the Starfier Optical Range (SOR) at the
Phillips Laboratory. The experiment was designed and conducted jointly with the SOR personnel.

The goal of the experiment was to obtain high resolution spatial and temporal statistics for the image motion of a
star. Polaris was selected for this experiment due to the following reason. A non-Kolmogorov stratospheric

turbulence produces an effect on the star image motion, which is similar to that for uncontrolled motion of the
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telescope. The effect of uncontrolled telescope motion is eliminated if the telescope is motionless. Due to slow
angular motion, Polaris permits us to make measurements with both bolted, or motionless, and unbolted telescope.

In a bolted case the mechanical telescope motion is eliminated.

The experiment was performed at the 1.5 m telescope by using a 64 x 64 CCD (Lincoln Laboratory) camera. Data
was collected by using five different aperture masks (D = 0.1, 0.2, 0.5, 0.75 and 1.5 m) in conduction with the
appropriate ND filters to keep incident flux constant and to achieve maximum flux without saturating the camera.
Each data run consists of 20000 frames recorded at 200 Hz and 400 Hz over 100s and 50 s, respectively.

The telescope viewed Polaris with a symmetrical 38 x 38 arcsec FOV, yielding resolution of 06 arcsec/pixel. The
telescope was first pointed toward Polaris and bolted in position such that the earth’s rotation causes the image of

Polaris to track horizontally across FOV (at approximately 1 L rad/sec). The K-mirror was used to ensure the stellar
image tracks along one CCD channel without crossing into an adjacent channel. Next, the telescope was unbolted

and followed (pointed at) Polaris, keeping the image centered as data collected. Comparison of the two data sets

permits us to isolate of atmospheric and mechanical jitter.

The data was collected during four nights. Meteorological data was recorded for each experimental session including

wind speed and direction, coherent diameter (r,) and isoplanatic angle (6,). The data were processed, and the

o

following dependencies were determined:

. a dependence of the Polarise jitter variance on the telescope diameter and seeing conditions;
. a dependence of the temporal power spectra of the Polaris motion on the telescope diameter;
. a dependence of the temporal correlation coefficient of the image jitter on the aperture size.

As an example, in Fig. 5 a dependencies of one-axis jitter variances on the telescope diameter are presented.
According to the theoretical predictions based on the Kolmogorov model {20}, a star jitter variance, 6°, should
gradually decrease with increasing the telescope diameter as 6° = D™, However, the experimental curves in Fig. 5
do not follow this prediction. For a telescope diameter larger than D >0.75m these curves are saturated and do not
depend on D. The implication is that the Kolmogorov model for the turbulent power spectrum does not permit us
to explain the measured data. To interpret the data, one should assume an additional source of turbulence with the

spectrum which is deferent from the Kolmogorov model and with the scale that is larger than the telescope diameter.

A special test has been performed to estimate influence of the internal turbulence within an optical path on the
measured data. The image motion of an internal source was measured with the same experimental set up. The
estimates show that the jitter variance of an internal source is more than one order magnitude smaller than that for a

natural star.
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The temporal power spectra for telescope diameter D = 0.1 and 1.5 m for the Polaris are shown in Fig. 6. For
comparison, at the same plot the power spectra for the internal source are also shown. It is seen, that power spectra
for the Polaris greatly exceeds that for the internal source. In the high frequency range the Polaris power spectra
follow to the dependence £, whereas in the low frequency range they obey to the ™ law. The knee frequency
relates to the telescope diameter through the equation f, = D™'. The power spectra slope in the high frequency range
is not consistent with the theoretical predictions. An additional analysis of the collected data is required, and a more

sophisticated theoretical model is needed for interpretation of the measured data.

xperimental i jisoplanati
In a tilt sensing technique with a LGS a tilt decorrelation due to angular anisoplanatism is used to isolate the tilt
component corresponding to the upward propagation path. Therefore, to design a tilt sensing experiment with a
LGS, the tilt angular correlation scale for the site should be known. The tilt correlation scale might be estimated by
using the theoretical model if data for the vertical profile C.(k) and outer scale of turbulence L, are available.

However, there is no reliable information about the atmospheric characteristics. To overcome this difficulty a Moon-

edge jitter experiment has been designed and conducted at the SOR.

The experimental set up for this experiment was similar to that for the Polaris jitterexperiment. The K-mirror was
used to ensure the Moon edge be parallel to one CCD channel without crossing into an adjacent channel. Five
different aperture masks (D = 0.1, 0.2, 0.5, 0.75 and 1.5 m) were used when the Moon-edge image motion was

measured.

The edge of the Moon might be considered as an extended incoherent source. Therefore, by measuring an angular
motion of a small segment of the Moon image a lateral, or transverse to the image, tilt might be measured. By
measuring angular motion the two small segments at different angular separations a tilt angular correlation might be
estimated. To avoid the influence of the mechanical motion telescope, a tilt structure function was calculated from

the measured data.

A preliminary analysis shows that the tilt correlation scale strongly depends on the aperture size, and it increases
with increasing a telescope diameter. As an example, the tilt structure functions for different aperture masks versus

angular separation between the observation points are shown in Fig. 7. In the future collected data will be processed,
and detailed analysis of the results obtained will be performed.

Additional experiments design
The two additional experiments have been designed as a part of the Summer 96° Research Program. The technical

objective of the first experiment is to study a LGS image motion for 2 monostatic laser beacon scheme. Even though

a laser beacon image in the conventional monostatic LGS scheme is motionless, according to the theoretical

analysis, a LGS image motion might be measured if the transmitter and receiver have different diameters. This
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theoretical prediction will be verified in the planned experiment. In addition, this experiment will permit us to test a

remote sensing method for measuring vertical profile of C>(k) by using a modified monostatic LGS technique. For

this purpose a LGS image motion and motion of a natural star will be measured simultaneously.

The second experiment is designed to demonstrate and test a technique for sensing full aperture tilt with a LGS. In
this experiment a one-axis tilt component will be sensed by using an auxiliary 8-inch telescope and 1-D CCD array.
A full aperture Nd:YAG laser beam will be focused at 10 km by using a 1.5 m telescope. This telescope will be
pointed at Polaris. The two measurements will be performed simultaneously. A Polaris image motion will be
measured with the main (1.5 m) telescope, while an image motion of a laser beacon will be measured with an
auxiliary telescope. A comparison of these two measurements will permit us to estimate the accuracy of sensing tilt

with a laser beacon. Both above experiments are currently in preparation.

Summary

The following results have been obtained as a part of the Summer Research Program:

1) A tilt sensing technique with a small aperture beam transmitted from behind a portion of the primary mirror of
the main telescope is developed. This technique does not require transmitting laser irradiance through the main

optical train. Due to this fact it can be used for the mesospsheric sodium layer;

2) A tilt angular anisoplanatism and tilt focus anisoplanatism, the two effects which determine the required
parameters of the tilt measurement scheme and a tilt sensing error, are studied by taking into account a finite outer
scale of turbulence and vertical distribution of the strength of turbulence. A tilt angular correlation scale and tilt
averaging function are estimated. The required parameters of a tilt measurement scheme and a tilt sensing error are

determined;

3) The Moon-edge and Polaris jitter experiments are designed and carried out. The first experiment is devoted to
measurements of a tilt angular correlation, while the goal of the second experiment is to study the effect of non-
Kolmogorov stratospheric turbulence on a star image motion. The data have been collected and processed, and a

preliminary analysis of the results obtained was performed;

4) Two additional experiments have been designed. One experiment is designed to measure a LGS image motion for a

_ monostatic scheme, the objective of the other experiment is to demonstrate and test a technique for sensing full

aperture tilt with a LGS.
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propagation path. Curves 1 - 4 correspond to the lateral tilt, and curves 5 and 6 correspond to the
longitudinal one. Ratio LyD is equal to infinity for curve 1, Ly/D = 50 for curve 2,LyD = 10 for
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PART A
EFFECT OF EARTH’S INTERFACE AND LOSS ON THE

RESONANT FREQUENCIES OF A BURIED OBJECT

Introduction:

There is a renewed interest for identification of buried objects with the availability
ofGround Penetrating Radar(GPR)[1-6] in both civilian and military applications.
Transientradar techniques have been used in view of the current developments in short-
pilse antennas[7,8] , detection and identification of buried objects[6-8]. An important tool
for identification is the well-known singularity expansion method[9-13]. This exploits the
fact that the late-time response of a target can be expressed in terms of a sum of damped
exponentials, each one characterized by a set of complex resonant frequencies. The
resonant frequencies are aspect independent but the intensities are aspect dependent. For
objects buried in earth, the target resonant frequencies change with the depth and the
material of the earth. Hence, it is necessary to do a systematic study on how much change
of resonant frequencies will occur with the presence of interface and the loss inside the
ground. This information about resonant frequency changes are needed to upgrade the
capability of the already existing complex resonant frequency signature library. This will
enable one to identify ‘known’ objects under adverse environments. Complex resonant
frequencies of amirror object was calculated in [14,15]. Recently [16,17], Method of
Moments has been utilized to calculate the complex resonant frequencies of buried wires
and bodies of revolution in lossy soil. The half space Green’s function was computed in
[16] using complex image technique.

In a previous work[14,15] as well as in [16,17], it was shown that the resonant
frequencies spiral around the free space resonant frequencies. In [14,15], only conducting
half-plane was considered. In the present work, we use a general interface between air and
ground and also a general lossy half space ground. As in [14,15], an image coefficient has
been defined. The image coefficient is zero and there is no change in resonant frequencies
when the target is in free space. The set of complex resonant frequencies to the left of the
complex plane are the reference resonant frequency set for the particular target in free
space. This report studies the change in resonant frequencies of a buried thin wire as a
function of different parameters, such as, the wire depth, loss in the medium, and
excitation modes of the wires.
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FORMULATION:

The geometry and coordinate system of the detection and identification of a buried object
(a thin wire) are shown in Figure 1. The ground is assumed to be a nonmagnetic lossy half
space and can assume arbitrary values of electrical permittivity ¢ and conductivity © .

Referring to a previous work[14], the change in resonant frequency due to the presence of
air-ground interface and the lossy half space is given by-

Ve - Ve Exp(-2 nD)
A S sylas, o = S Mo

——————— e

\/8,-‘/8, 8nD

< ();ExpC-y @+2)L)ij () >

where, v =

ji(r); Z (,r,8);j (t)

Sgau=S +A Sgas
with,

R, = The normal incidence reflection coefficient at the interface incident from medium 2
i, = Permeability of free space

S=Q+jo0

L = 2D, where D is the depth of the object

S' = Complex unperturbed resonant frequency

j = Mode current density

r, ' = The two position vectors on the surface of the object

Z (r,r ,s)=Derivative of Z (r , r',s) at the unperturbed complex pole
Z(r,r',8)=s 1(r) .G(r,1',5).1 (r ), where G(r, r' ;$) is the Green’s function of the
scenario.

The denominator becomes equal to-
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<j (r);( ns.G(r,r';s).s+SuS.0 G(r ,r';s).s). S')j (r)>

with [18],

E=__1__ (_d2 + K ) _[ I J(0',2) Exp(-kR)/4 R adz’ do’
o€ dz*

R= V[(z-2)*+4a”Sin(6-6)]

With thin wire approximation, R = vV (z-z' )%+ a? where a is the radius of the wire and J
(6 ,2)) =1(2) /2ma, where I(z)is the current flowing through the wire and is given by:
I1=1I,sinmk (U2 -z"). Having obtained the Green’s function, we can determine

the denominator of the image coefficient. Evaluation of the numerator is straightforward.

Results and Discussions

A computer program in Fortran 77 was prepared and tested using the analytical steps
outlined above. The input parameters are: dimensions of the object, depth of the object,
the ground parameters. The test object in this study is a thin wire arbitrarily oriented. The
resonant frequencies of thin wires with the interface as the ground plane has been
computed elsewhere[14]. The output quantity is the change in resonant frequency of the
thin wire with different parameters. Fig. 2 shows the change in resonant frequency versus
2D/L of a buried wire with the x-direction cosine equal to unity at a depth of 0.2 meter
‘The relative dielectric constant and conductivity are 10.0 and 0.02 respectively. The
discontinuity at the air-ground interface is characterized by the complex reflection
coefficient of the air-ground interface. Fig. 3 shows the same plot with a relative dielectric
constant of 100. The variation of resonant frequency when the wire is at a depth of 10
meters is shown in Fig. 4. Fig. 5 shows the change in resonant frequency when the
interface is replaced by a perfectly electrically conducting ground plane. Table 1 gives a
comparison of the typical change of resonant frequency of a thin wire of given length
under different parameters compared.
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TABLE 1

Typical Changes in Resonant Frequency With parameters
L =0.5 meter; 6, = 0.02 mhos/meter; D/2L =4.0
Unperturbed Resonant frequency = 0.675E08

D=02m D=02m D=10m D=02m
e =10 e, =100 e, =100 e.=10 (PEC Interface)
0.665 EO3 0.105 EO05 0.188E04 0.128 E04
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Legends to the Illustrations:

Figure 1: Geometry and Coordinate System of the Buried Object Problem

Figure 2: Change in Resonant Frequency Versus 2D/L : Air-Ground Interface
D=0.2, €, =10,{i=-0.7069E08; f= 0.675 EO8

Figure 3: Change in Resonant Frequency Versus 2D/L : Air-Ground Interface
D=0.2&,=100, 0 =-0.7069 E08, f=0.675 E08

Figure 4: Change in Resonant Frequency Versus 2D/L: Air-Ground Interface
D = 10 meters,& , = 10,-£1= -0.7069 EO08, f = 0.675 E08

Figure 5: Change in Resonant frequency Versus 2D/L: Perfectly Conducting Interface
D=02,¢.= 101=-0.7069 E08, f= 0.675 E08
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PART B

ADAPTIVE FILTERING FOR OBJECT IDENTIFICATION

Abstract: This scheme incorporates an adaptive filter of Weiner type to do a correct
signal estimate when a signal is received in presence of noise. A computer simulation of an
adaptive filter using Least Mean Square(LMS) algorithm is attempted with input as signal
plus noise. a noise estimate is made and a filter is designed to give a close estimate of the
signal. Most signal processors are suited for its implementation.

Technical Approach:

Two signals, x ; and y «, are simultaneously applied to the adaptive filter(Fig. 1). yx is the
contaminated signal containing both the desired signal, sy and the noise ny, assumed
uncorrelated with each other. The signal x, is a measure of the comtaminating signal
which is correlated in some way with ny . %, is procesed by the digital filter producing an
estimate, n , of n,. The digital filter output, ny is subtracted from the contaminated signal

Yk

A A A
Sk=VK-Nxk = S+ M- Ng

M

The Weiner filter produces an optimum estimate of the part of yi that is correlated with
%, which is then subtracted from yi to yield e, the output. Assuming a finite impulse
response(FIR) filter structure with N weights., the error, e , between the Weiner filter
output and the primary signal, yx , is given by-

NI
A .
& = Vi -0k =¥i- W X =y -ZW(I) X ki )

L=0
where, X and W, the input signal vector and weight vector, respectively, are given by-

Xk w(0)
Xk-1 w(1)

X=1 . . ; W= : (3)
Xk - (N-1) w(N - 1)

The square of the error is-
el =y -2% Xk W + WXk X' W (4)

The implementation of the LMS algorithm can be done along the following steps:
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(1) Each weight w (i), i=0,1,2 ..., N-1, is initially set to a fixed value, such as 0.
For each subsequent sampling instants, k = 1,2, ...., carry out steps (2) to (4) below:

(2) The filter output is computed using:

N ~1
A )
= Z Wi (1) Xk )
L=0
where wy (i)’s are the prediction coefficients

(3) The error estimate is computed:

A
& = Yk - Dk ()
(4) The next filter weight is updated using:
win () =W k(i) +2pe Xii ™

Testing:

A FORTRAN program was prepared to do adaptive filtering using the above algorithm.
The program has been tested using a test example. In this example, the signal sy = A Sin
(2 ft)+ A.Cos(2 ft) where A, and A, are the desired signal and undesired noise
amplitude. The noise estimate was done using (5) and the signal was estimated. Fig. 2
shows the plots of signal plus noise, only signal, noise and signal estimates for different
values of A,. The signal amplitude was equated to unity.. The length(N) of the filter is
assumed to be 30, the delay equal to 1, initial value for adaptive filter coefficients equal to
zero, Fig. 2 shows the plot for A, = 1.00 and Fig. 3 for A, =0.2. The signal estimation
comes out lot better in Fig. 3 than in Fig. 2 The key is to be able to make a proper noise
estimate in a given scenario to get an adequate signal estimate. The discrepancy between
the actual signal and the estimated signal in a noisy environment is much smaller for A,
=0.2.

References:

1. E.C. Ifeacher and B.W. Jevis-’Digital Signal Processing’, Addison-Wesley, 1993,
Chapter 9
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Legends to the Illustrations:

Fig. 1: Block Diagram of Adaptive Filter as a Noise Canceller

Fig. 2: Plot of S+N, only S, Noise and Signal Estimates Versus Time in Milliseconds
with N=30, M = 1,W0=0,u = 0.04 and A, =1.00 .

Fig. 3: Plot of S+N, Only S, Noise and Signal Estimates Versus Time in Milliseconds
with N=30,M=1,W0=0,u = 0.04 and A, =0.2
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Figure 1: Geometry and Coordinate System of the Buried Object Problem
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yk=sk+nk

(signal + noise) f
| . Digital
(noise) (noise estimate) (signal estimate)
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Abstract

The effects of three different fire suppressants on the transient behavior of the composition of
the effluent gas from a combustor were investigated-in an-experimental program conducted at the
Well Stirred Reactor(WSR) facility at Wright-Patterson Air Force Base during the thonths of July
and August 1996. A quadrupole mass spectrometer, that was originally designed and constructed
to sample rocket exhaust gases, was used to sample the effluent gas composition from the WSR.
These experiments employed premixed propane/air and methane/air gas mixtures at near-
atmospheric pressure in the WSR. Transient measurements were performed on the effects of
injecting the fire suppressants Halon 1301 (CF3Br), pentafluoroethane (CoHF 5, HFC-125), and

trifluoroiodomethane (CF3I) into air/fuel mixtures at various concentration levels using a fast,

pulsed valve system. Selected results from the experimental program are presented and discussed.
It was concluded that the three fire suppressants exhibit some similarities in their behavior in
combustion environments, as well as some distinct differences

In order to interpret the resultant transient responses of product species, it is essential to
know the time response of the entire reactor system. Consequently, a fluid mechanical model of the
jet ring distributor was developed. Results from this model were then used to simulate the transient
response of the jet ring to tracer pulses. It was concluded that the jet ring effectively introduces a
significant amount of dispersion into the system response. This is not due to fluid mechanical
“mixing,” but rather to the variable time delay imposed by the jet tubes at different locations along
the jetring; i.e., those near the inlet feed tube have a faster response than those further along the
ring. This also means that the characteristic decay times observed for inert tracer pulses will differ
from the intrinsic residence time of the WSR, and they will also be more similar; i.e., the tracer
respounse is “integrated” somewhat by the jet ring.

A considerable amount of data were obtained during the experimental program. The detailed
analysis of these data will be performed with the aid of the preceding model of the reactor system,
coupled with the CHEMKIN II package of codes developed to model complex multispecies,
multireaction systems, such as the combustion environment in the WSR. It is anticipated that the
project will be continued in some manner so that this work can be completed and brought to a

successful conclusion.




TRANSIENT STUDIES OF THE EFFECTS OF FIRE SUPPRESSANTS
IN A WELL-STIRRED COMBUSTOR

JM. Calo

Background

The ban on the use of Halon 1301 in fire suppression systems for Air Force gas turbine
engines, requires the identification of effective replacements. However, thus far the search for
more environmentally benign replacement agents has identified only less eff ective substitutes. The
interactions of chemical agents, such as Halon 1301, in combustion environments is a complex
thermo- and physicochemical process which ie still not completely understood [1,2,3]. In fact, it
has been shown that even Halon 1301 can actually enhance combustion under certain conditions
[3]. Consequently, the search for safe, effective substitute fire suppressant agents would benefit
considerably from advancing the fundamental understanding of the interaction of fire suppressants
with the complex combustion gas milieux. This is the primary objective of the work reported here.

The effects of three different fire suppressant agents on the transient behavior and
composition of the effluent gas from a combustor were investigated in an experimental program
conducted at the Well Stirred Reactor (WSR) facility at Wright-Patterson Air Force Base during the
months of July and August 1996. A quadrupole mass spectrometer, that was originally designed
and constructed to sample rocket exhaust gases, was used to sample the effluent gas composition
from the WSR. These experiments employed premixed propane/air and methane/air gas mixtures at
near-atmospheric pressure in the WSR. Transient measurements were performed on the effects of
injecting the fire suppressants Halon 1301 (CF3Br), pentafluoroethane (CoHF5, HFC-125), and
trifluoroiodomethane (CF3]) into air/fuel mixtures at various concentration levels using a fast,
pulsed valve system.

Analysis of the resultant transient data requires knowledge of the time response of the entire
reactor system. Consequently, an analysis of the residence time distribution (RTD) of the jet ring
(distributor)/reactor combination was also performed.

Experimental

The Well Stirred Reactor (WSR) facility, located in the Fuels and Lubricants Group of
Wright Laboratories at Wright-Patterson Air Force Base, Ohio, has been well described elsewhere
[4,5]). The reactor is cast from alumina insulating cement in two halves which together form a
toroidal shape, 250 ml in volume. Gas is admitted into the WSR via 32, 1.0 mm L.D. jets, made
from alumina tubes, located 20° off radius and held in place in the a jet ring assembly which serves
as the gas distributor for the reactor. The jets intensely mix the reactor contents and are responsible
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for its well-mixed behavior. The gas outlet is located in the center of the top half of the reactor, 90°
to the feed gas flow, and exhausts into a large diameter plug flow reactor (PFR) section. Nominal
reactor operating parameters include residence times on the order of 6 - 18 ms, operation up to 5
atm pressure and 2300K due to the use of zirconia-coated refractory materials.

The three different fire suppressants were introduced into the WSR vig a fast, pulsed
solenoid valve manufactured by the General Valve Corporation. These valves were originally
developed for molecular beam laser spectroscopy experiments. The valves are set for 2 ms at rated
voltage, but can achieve even shorter pulse widths by overdriving with a 300V pulse for 165 us.
The valve on and off times were controlled with the mass spectrometer microcomputer. The
minimum “open” time used in the current experiments was 5 ms, which was the same as the
resolution of the mass spectrometer data collection system.

The effluent gas from the reactor was sampied iuto the niass spectrometer via an air-cooled
quartz probe, which was «:onnceted to tne bottom of the WSR through a drilled-out stairless Sizel”
Swagelok ™ fitting with a graphite ferrule. The opening of the probe was positioned 1-2 mm away
from the toroidal combustion volume. The flow rate through the probe was controlled by a pump
which was throttled to approximately 8-10 slm. The probe was about 35.5 cm in length, with an
I.D. of 0.28 cm. Under typical sampling conditions, the probe was operated at temperatures
greater than 100°C in order to prevent water vapor condensation.

The quadrupole mass spectrometer was designed and constructed by the GPID Branch of the
Ionospheric Effects Division, Geophysics Directorate of the Phillips Laboratory. The gas from the
sampling probe flowed through a stainless steel cap which was maintained at temperatures greater
than 100°C. Part of the gas was sampled through a 100 um orifice into a two-stage, differential
vacuum system, pumped by three turbomolecular pumps. The volume between the inlet orifice and
the skimmer element was maintained at about 10~ torr. The flow sampled through the skimmer
was admitted to the mass spectrometer stage which typically operated at about 1076 - 107 torr.

The mass spectrometer was controlled via a digital interface with a laptop computer. Other
than for diagnostic scans over a selected mass range, the mass spectrometer was run in a “mass
programming” mode. That is, while the fast solenoid valve was pulsing a particular fire
suppressant into the WSR, certain selected mass peaks were monitored for a preset sampling time
in a sequential fashion. The signal intensities of these selected mass peaks were recorded as a
function of time. The final transient response is actually the averaged sum of the responses for a
large number of fire suppressant pulses.

Krypton gas was used as an inert tracer to determine the time response of the reactor system.
Figure 1 presents some typical data obtained for the ignited reactor operating with methane as the
fuel. As shown, the krypton pulses reflect the varying duration of the valve “open” time. Also, as
indicated in the figure caption, the apparent characteristic time constant for the pulse rise is on the
order of of 45 ms and that for the pulse decay is 22 ms. These are both significantly longer than the
WSR residence time which was about 12 ms. Analysis of the transient response of the entire
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reactor system indicates that the longer time constants observed are caused by a combination of
dispersion of the tracer upstream of the jet ring where the pulsed gas mixes with the feed flow, as
well as dispersion caused by the time delay of the gas feed to all the jets in the jet ring distributor
(see below).

Results and Discussion

Halon 1301
The principal ion fragments which have been reported for electron impact ionization of

CF;Br are: 69 - CF;* (100%); 148 and 150 - CF3Br' (11.2%); 129 and 131 - CF,Br* (8.9%);
50 - CF,* (5.8%); 79 and 81 - Brt (5.8%); 41- (CF* (4.3%); and 12 - C* (1.8%) [6]. Since this
pattern is never observed in the current work, it is concluded that, in general, little Halon 1301
‘survives the WSR under the current experimental conditions; i.e., it is primarily converted to other
species. This is entirely consistent with the anticipated behavior of CF3Br in combustion
environments. Since the C-F bond energy is much greater than that of C-Br (~500kJ/mol vs.
295.4 kJ/mol, respectively) [7], Halon 1301 readily decomposes via:
CF;Br — CF; + Br [R.1]
Indeed, the fire retardant properties of Halon 1301 have been attributed to the reaction of the Br
and CF; radicals liberated in this manner with other species in the flame such as to remove chain
carriers from the reaction mechanism [1,3].
Recent work suggests that at short residence times (~0.1 s) under steady-state conditions
only a small fraction (~8%) of Halon 1301 decomposes via [R.1], with the majority (92%)
reacting with methyl radicals to form CH3Br via [3]:
CF;Br + CH; — CH3Br + CF; [R.2]
The product of this reaction, methyl bromide, is an important species in the decomposition
mechanism of Halon 1301 in combustion environments. Indeed, this species has been detected by
GC-MS [3]. However, the parent peaks for this species (masses 94 and 96) were generally not
observed in the current work. This is undoubtedly because of the weak C-Br bond (292.9 kJ/mol)
[7] and the fact that methyl bromide is rapidly consumed to produce HBr. Battin-Leclerc et al. [3]
computed that at a residence time of 0.5 s the consumption of CH3Br is primarily via:
72% to: CH3Br + H — HBr + CHj [R.3]
24% to: CH3Br — Br + CHj [R.4]

In addition to [R.3], HBr is generally produced by abstraction of H by Br radicals from fuel-
related hydrocarbons, as well as by direct abstraction of Br by H from CF3Br:

CF3Br+H— CF3 + HBr [R.5]
Due to all the various sources, HBr is the major stable species produced by the decomposition of
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CF3Br in combustion environments. Indeed, this is the prevalent species that was observed in the

spectra whenever Halon 1301 was introduced in the WSR.

It was previously established that the major stable products from the addition of Halon 1301
to the combustor were HF and HBr [8]. Figure 2 presents the transient response of HF (m/e =
20) and masses, m/e = 79 (79Br*), 80 (H79Br"), 81 (81Br™), and 82 (HBIBr*). As shown, The
79/81 ratio was typically close to unity, consistent with the natural bromine isotopic abundance of
0.507/0.493 [7]. As shown, however, the 82 signal was significantly less than that for 80, so

there are probably additional contributions to 80 than from H/9Br™. Electron impact fragmentation

of HBr is known to produce Br at a little less than half the the intensity of the HBr™ signal.
Battin-Leclerc ef al. [3] noted that the Br radical concentration should closely follow that of HBr in
the reactor, except at very long residence times, although it is less by almost two orders of
magnitude. With the sampling configuration that was used in the current experiments, Br radicals
probably do not survive the gas sampling system as such, and, therefore, there must also be some

contribution to the Br signal as ion fragments from more stable brominated species in addition to
HBr, such as CH;Br, and Bry. The parent ion peaks for Br,*, 158 and 162, were not observed.

However, due to the weak Br-Br bond (192.8 kJ/mol) [7], it is expected that Br* would be the
predominant ion produced from Br,.

As shown in Figure 2, although the rise of mass 20 is quite similar to that of the inert krypton
tracer, its decay is much longer. This is interpreted as being indicative of the flame chemistry
which produces HF as a terminal stable product via a number of different reactions. The

HBr*/Brt signals also seem to follow the HF™* rise and decay as well, consistent with the

hypothesis that these mass peaks too are indicative of stable product species.
The other series of major ion peaks associated with the CF;Br pulses are masses 47, 66, and

83, as discussed above, which are attributed to the ions CFOt, CF20+, and CF3O+, respectively.

As shown in Figure 3, unlike the behavior of mass 20 (HF"), which exhibits a longer
characteristic decay time, the response of masses 47 and 66 are significantly shorter, following the
inert krypton tracer response quite closely. This is the type of response that would be expected as
being indicative of intermediate product species in the flame chemistry, that react further to form
more stable terminal product species. As shown in Figure 4, the responses of masses 47 and 66
are approximately proportional to the concentration level of the Halon 1301 pulses. Their
responses also exhibit a distinct “double-peaked” behavior under these conditions.

As shown in Figure 5, the behavior of mass 85 is decidedly different than that of masses 47
and 66 (as shown in Figure 4). Although it also varies monotonically with the concentration level
of the Halon 1301 pulses, it does not exhibit the same “double-peaked” behavior, and definitely
lags the responses for the other two masses.

Figure 6 presents an example of the behavior of these three mass peaks with WSR residence
time. It is quite evident that both the relative and absolute magnitudes of the three peaks are
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sensitive to the WSR residence time on the time-scales involved. For example, while mass 85 is
the smallest signal by far for a residence time of 19 ms, it becomes the largest signal for residence
times of 12 ms and 6 ms. Thus mass 85 reflects characteristics of a species which forms early in
the interactions of Halon 1301 with the combustion environment, and is then consumed in

subsequent reactions.
Reaction mechanisms that have been developed to describe the behavior of CF3Br in

combustion environments, all include FCO (mass 47) and CF,O (mass 66), carbonyl fluoride

[1,2,3]. The latter is a stable, colorless, pungent, toxic gas [9] which can certainly survive the gas
sampling system. CF,0 is produced in the WSR primarily by the reactions:

CF3+0 — CF,O+F [R.6]

CF3 + OH— CF,0 + HF [R.7]

Since these two reactions are both much faster than the bond scission reaction for the

decomposition of CF3Br, [R.1], it is logical that the mass 66 (CF,O™) signal would parallel the

behavior of the Brt/HBr+ mass numbers, at least early in the reaction mechanism, and that it
would increase with increasing levels of CF3Br (i.e., CF3). This is consistent with the data
presented in Figures 2 and 3. FCO, on the other hand, is a radical species which cannot survive the

gas sampling tube to the inlet of the mass spectrometer. However, FCO? can be produced as an
ion fragment of stable species such as CF»0, or CF30F (see below). In Figure 4, it is noted that
mass 47 signal is consistently less than that of mass 66, which is consistent with mass 47 being a
fragment ion. It is also noted that the “double-peaked” responses of masses 47 and 66 become
notable only when the mass 85 signal is high (e.g., at lower residence times), and that the mass 85
response coincides quite well with the second peak of the “double-peaked” responses. This is
consistent with some contribution to masses 47 and 66 due to fragmentation of the parent species
of mass 85 caused by electron impact in the ion source of the mass spectrometer; i.e.:

CF30H (or CF3 OF) — CF307, CF,0%, CFO* (upon electron impact) [R.8]
as well as:
CF,0 — CF,0, CFO™ (upon electron impact) [R.9]
Mass 85 must arise from a parent species of at least molecular weight 85 or higher. It is noted
that the species CF30F has been reported in the literature [10], although it is not currently included

in the Halon 1301 combustion codes [1,2,3]. However, from the various Halon-associated
radicals that are present in the combustion system, it is certainly plausible that CF3OF can be

produced from a number of radical termination reactions, such as:
CF3 + FO — CF30F; AH° =-275k]J/mol [R.10a]}

CF,0 + CF,0 — CF30F + CO;  AH° =-377 kJ/mol [R.10b]}
F5 + CFHO — CF30F; AH° =-419kJ/mol  [R.10c]
which are all exothermic, as calculated from enthalpy of formation data [7]. Ionization of CF30F
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would almost certainly result primarily in the production of the fragment ion CF3O+, since the O-F
bond is the weakest in the molecule by far at 182 kJ/mol [7]. Moreover, the parent ion peak would
be mass 104. It is noted that a very small, but measurable amount of mass 104 was typically
detected whenever mass 85 was most intense.

CF31
Due to its chemical similarity to Halon 1301, the behavior of CF3I in the combustor was
expected to be quite similar as well. The products of the interaction of CF3I with the combustion

environment were primarily HF and HI, which were observed as mass peaks 127 (which includes
contributions from all iodine-containing species) and 128 In addition, molecular iodine, I, was
evident as a purplish gas in the effluent from the combustor. Mass peaks 47, 66, and 85 are also
present, as shown in Figure 7, at intensities that are quite similar to those in Figure 6 (although
mass 85 is somewhat larger for CF31, under similar conditions). The major difference that is
apparent in Figure 7 is that mass 85 has a longer characteristic decay time than for masses 47 and
66, unlike for Halon 1301. Also, the “double-peaked” behavior of masses 47 and 66 is not
apparent, and the three signals seem to superimpose more than was noted for Halon 1301. These
are all indicators that there may be some differences in the combustion reaction mechanism for
these two species. It was also noted that for similar concentration levels, CF3I seemed to be

slightly more effective insofar as bring the reactor to “near-blowout” conditions.

HFC-125

HFC-125 (C,HFg4) exhibited somewhat different behavior than the other two fire
suppressants used in the current investigation. Its fire suppressant action is generally believed to be
more physical than chemical. This was substantiated by the observation that it took about an order
of magnitude more HFC-125 than the other two agents to bring the reactor to “near-blowout”
conditions. In addition, HFC-125 behaved as fuel in that the reactor temperature pulsed by as
much as 50K in synchronization with the HF-125 pulses. Neither CF3Br or CF3]I exhibited this
behavior; i.e., the reactor temperature always remained constant during pulsing.

Figure 8 presents the behavior of masses 20, 47, 66, and 85. As shown, the latter three
exhibit behavior similar to that observed for CF3L In this figure mass 85 is the smallest of the
three, but this is primarily due to the longer residence time of the WSR, as is evident in the data in
Figure 6. In addition, the decay of the mass 85 response appears to be longer than that for mass 47
and 66, just as was observed in Figure 7 for CF3l.

In Figure 8, the mass 20 (HF) response is plotted on a linear scale to accentuate the fact that
the pulse peak exhibits a minimum. This behavior is preceded by a large increase in the mass 19

(F*) signal, accompanied by a similar increase in the mass 37 (HyO-H30%) water cluster signal,
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which was used to monitor water indirectly due to the very large mass 18 parent water peak which
saturated the mass spectrometer. This appears to be related to the apparent behavior of HFC-125 as
a fuel. That is, initially it decomposes and combusts to form water and various fluorine-containing
species, and then it begins to participate in the reaction chemistry in a fashion more similar to that
of CF3Br and CF3I. If this is indeed the case, transient data such as these for HFC-125 and
similar species, may eventually provide improved insight concerning fire suppression mechanisms
in general.

Transient Response of the System (RTD of the Jet Ring)

In order to properly analyze the transient data, it is necessary to know the time response of
the entire system consisting of the pulsed valve/jet ring/reactor combination. The residence time
distribution (RTD) of the WSR is known to be exponential, characterized by a time constant equal
to the reactor residence time.

The WSR jet ring is annular with an O.D. of 11.8 cm and I.D. of 10.8 cm. The annular ring
has a rectangular cross section, 1 cm wide x 0.635 cm in height. The jet ring holds the 32 jet tubes
of the WSR in place at its 1.D., and serves as a manifold/distributor for the air/fuel mixture through
the jet tubes into the reactor volume. The RTD of the jet ring is not known, and, therefore, an
analysis was conducted to characterize its behavior. The results of this analysis are presented in
detail in a report on this topic [11]. Due to the current lack of space, only a brief summary of the
resultant model is presented here. The calculation procedure is as follows.

(1) From the specified gas flowrate in the (5/16” LD.) inlet feed tube, the value of the inlet
velocity in each half of the jet ring, wj,, is determined from continuity:

Ayvy=2 Aring Win (1]
where A, and Aring are the cross sectional areas of the inlet feed tube and jet ring, respectively,
and v, is the gas velocity in the inlet feed tube. The pressure at the entrance to this half of the jet
ring is given by application of the Bernoulli equation along a streamline from the feed tube to the
inlet of one half of the jet ring:

Py, =Py +p (Vo2 - Win 22, 2]
where P, is the pressure in the feed tube.

(2) The calculation then proceeds around the ring in both (+8) directions, with the pressure
drop in the control volumes between jets tubes given by:

dP/d6 =- (p f w2/8) ¢ 3]

(3) The flow rate through each jet tube, (dm/dt)j, is determined in the following manner. It is
assumed that the flow in the jet tubes is adiabatic and compressible since they are well insulated
from their surroundings and the reactor, and the thermal conductivity of alumina is quite low. In
order to calculate the mass flowrate through each tube, it was first assumed that choked (sonic)
flow was attained at the tube exit (M = 1). In this case, the Mach number at the tube inlet, M, is
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given by the expression [12]:

(1 - M2YKM2 + [(c+1)/2K] In[(k + DM2/Q2 + (k - DM2] + (1 - kM2Y/(kM2) = fL/d,  [4]
where k is the heat capacity ratio of the gas, L is the jet tube length, and d is its diameter. This
expression is solved using Newton’s method updating the average friction factor in the jet tube, f,
at each iteration. The ratio of the pressure at this point in the tube, P, to the exit pressure, P, is
then determined from [12]:

P/P = (I/M) [(k + 1)/(2 + (k - HM2)) /2 [5]
This ratio is then compared to the ratio P/P,, where Py, is the reactor pressure, which was
approximately atmospheric. Choked flow at the jet tube exit is confirmed if Pe > Py,

If Pe < P, then the flow at the jet tube exit is subsonic. In this case, the correct Mach
numbers at the tube inlet and exit must be found. This is done in an iterative fashion by first
assuming sonic flow at the jet tube exit (M = 1) and the Mach number, M, at the inlet determined
from the original choked flow calculation. These values are used to determine the Mach number at
the jet tube exit by solving the following transcendental expression using Newton’s method [12]:

P/P = (M/M) [2 + (k - DM 22 + (k - HM2)1/2 [6]
The resultant value of M, is then used in the following expression for isentropic, compressible
flow in a duct of constant cross section to yield an updated value for the Mach number at the jet
tube inlet, M [12]:
1/(2M2) - [(k+1)/2] In(M) + [(k + 1)/4] In[1 + (k - 1) M%/2) = kfx/d + C, [7]
where C is a constant of integration evaluated at the jet tube exit (M = M,, x = L). The resultant
value of M (@ x = 0) is then compared to the initially assumed value, and the entire process
involving Eqns. [6] and [7] is iterated until the assumed and calculated values of the Mach number
at the jet tube inlet, M, agree within a specified tolerance. This calculation procedure also yields the
corresponding value of the exit Mach number which is updated during the calculation, as well as
the average friction factor, f, which is also updated during the course of the iterative calculation.

The resultant Mach number at the jet tube inlet is then used to determine the gas density at this
point from the isentropic flow relations. The jet tube mass flowrate is then given by:

(dmy/dt); = p M (kR Typ) 2 (m/d) &2, [8]

(4) The pressure change due to removal of gas from the jet ring via the jet tubes is
determined from the integrated energy balance:

P =Py +p (w13 - wp3)/2wy) [9]

where, P, and w; are the pressure and jet ring velocity downstream of the jet tube, and P; and wy

are the corresponding values upstream of the jet tube.
(5) The sum of the flow rates through all the jet tubes is compared to the total specified flow

rate, and the pressure in the feed inlet tube is adjusted (i.e., iterated) until they agree. The
calculation is symmetric in the +0 directions. Therefore, the velocity must tend to zero in the
control volume between jets 16 and 17 (i.e., at 8 = <), and the pressure must achieve a maximum
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at the same location.
The preceding calculation procedure was implemented on an EXCEL™ spreadsheet using a
separate MACRO that was written to calculate the flow in the jet tubes.

Jet Ring Distribution Results

Figure 9 presents the resultant pressure and velocity distributions for the case of 390 slm of
air and 28.7 slm of methane (equivalence ratio, ¢ = 0.7), characteristic of the 6 ms residence time
combustion runs that were conducted in the WSR. For these conditions, the flow in all the jet tubes
was sonic (i.e., choked flow at the jet tube exits; M, = 1, and P > P,). As shown, the gas

velocity in the jet ring decreases discretely at each jet tube, corresponding to the amount of gas
which flows into the reactor at that point, as determined by continuity. The pressure in the jet ring
decreases due to wall friction, and increases due to the momentum loss at each jet tube. The overall
effect is to progressively increase the jet ring pressure until one-half of the way around the ring,
whereupon it then begins to decrease to match the inlet pressure at the end of the ring. As shown in
Figure 9, the pressure distribution is perfectly symmetric with respect to the two halves of the jet
ring. This is also reflected in the gas distribution through the jet tubes. Although the flowrate
through the jet tubes increases progressively to the midpoint of the jet ring, the flow
maldistribution is practically negligible, with the flowrate differing by less than 1% from the
minimum to the maximum. The results for all the various flowrates used were all qualitatively
similar, with the exception that subsonic flow occurred in the jet tubes for all conditions except
those in Figure 9.

Contrary to the results of the preceding calculations, tracer tests conducted on a room
temperature jet ring that had been removed from the reactor, revealed significant fluid
maldistribution. An example of these data are presented in Figure 10, which is a compilation of
tracer responses from selected individual jets. For perfect distribution, the response of “mirror
image” jet pairs from each half of the jet ring should be exactly the same. As shown, however,
although the responses of the jet pairs superimpose quite well near the feed tube inlet (e.g., #1-32),
they progressively separate as the flow proceeds through the ring, such that the response for #20 is
much slower than for #12, and it is even slower than for #16. This indicates that the flow is quite
asymmetric, with the zero velocity point occurring beyond = radians, and with more gas flowing
through the jets located from = to 27, than for those between 0 and ®. However, this jet ring
differed from the one that was used in the combustor for all the current experiments. It was an
older one fitted with all stainless steel jet tubes, that had already experienced significant service in
the combustor. Some of the tubes were obviously worn, and some were noncircular and partially
“crimped” at the exit. Nine of the jet tubes (#1, 4, 8, 12, 16, 20, 24, 28, and 32) were replaced
with alumina tubes of the same type used in the reactor for the combustion runs, but the remaining
23 were the original stainless steel tubes Consequently, it is hypothesized that the fluid
maldistribution resulted from jet tubes which had much lower conductances than the others.
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In order to demonstrate the effect of variations in jet tube conductance, four of the jet tube
flowrates (for #7, 8, 9, and 10) were arbitrarily set to zero for the case of 390 slm air/28.7 slm
methane. The results of this calculation are presented in Figures 11. As clearly shown, the pressure
maximum in the jet ring shifted from = radians between jets #16 and #17 to between jets #18 and
#19. The pressure in the feed tube also increased from 225 kPa to 260 kPa in order to maintain the

specified flowrate.

Response to an Inert Tracer
The velocity distributions in the jet ring, determined in the manner described above, can then

be used to predict the response of the jet ring/reactor combination to a pulse of inert tracer. A mass
balance on a tracer injected into the inlet tube of the jet ring for the control volumes between jets,
where the gas velocity, w, is constant via continuity, is given by:

dC/ot = -(1/R5) w 9(C)/98, [10]

where C is the tracer concentration (e.g., kg/m3 , or any other convenient units). The total
concentration of tracer in the effluent from the WSR is given by:

Vywsg 9C/0t = Z{ (dm/dt)j Cj p}-CQ [11]
where the summation is over all (32) jets, C; is the tracer concentration as a function of time at the

J
source point in the jet ring for each jet tube, and Q is the total effluent volumetric flowrate from the

WSR, and Vyysg i its volume (250 cm3).

The results of a simulation in comparison to krypton tracer data are presented in Figure 12.
As shown, there is good agreement between the calculation and the data, even though the model
has not yet been optimized. The principal conclusion of this result is that the jet ring effectively
introduces a significant amount of dispersion into the system response. This is not due to fluid
mechanical “mixing” in the jet ring, but rather to the variable time delays imposed by the jet tubes at
different locations along the jet ring; i.e., those near the inlet feed tube have a faster response than
those further along the ring. This also means that the characteristic decay times observed for inert
tracer pulses will differ from the intrinsic residence time of the WSR, and will also be more similar;
i.e., the tracer response is “integrated” somewhat by the jet ring.

Summary and Conclusions

The WSR/REMS apparatus has been demonstrated to be capable of monitoring both the

steady-state and dynamic behavior of the WSR combustor.
It was concluded that the three fire suppressants exhibit certain similarities in their behavior in

combustion environments, as well as some distinct differences. The major product species
produced by their injection into the WSR combustor are HF (for all three), HBr (for CF3Br), and

HI (for CF3I). All three fire suppressant agents also produced significant mass peaks at 47, 66,
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and 85, which are attributed to the ion series CFO+, CFyO%, and CF30%, respectively. CFp0% is
most probably the parent ion peak of the stable species, carbonyl fluoride. High levels of this very
toxic gas were produced at short reactor residence times. Masses 47 and 85, CFO* and CF30%,
are most probably fragment ions from stable neutral species such as CF3OF and CF30H. These

latter species should be included in fire suppressant reaction mechanisms.

In order to interpret the resultant transient responses of product species, it is essential to
know the time response of the entire jet ring distributor/reactor system. Consequently, a fluid
mechanical model of the jet ring distributor was developed. Results from this model were then
used to simulate the transient response of the jet ring to tracer pulses. It was concluded that the jet
ring effectively introduces a significant amount of dispersion into the system response. This is not
due to fluid mechanical “mixing,” but rather to the variable time delay imposed by the jet tubes at
different locations along the jet ring; i.e., those near the inlet feed tube have a faster response than
those further along the ring. This also means that the characteristic decay times observed for inert
tracer pulses will differ from the intrinsic residence time of the WSR, and they will also be more
similar; i.e., the tracer response is “integrated” somewhat by the jet ring.

A considerable amount of data were obtained during the experimental program. The detailed
analysis of these data will be performed with the aid of the preceding model of the reactor system,
coupled with the CHEMKIN II [13] package of codes developed to model complex multispecies,
multireaction systems, such as the combustion environment in the WSR. In particular, the PSR
(perfectly stirred reactor) modules from this code [14] are being used to model the behavior of the
WSR. The sampling line is being modeled using the constant pressure version of the CHEMKIN
1 code, by adapting an approach that has been previously used at the Phillips Laboratory to model
the variation in stratospheric gas composition due to sampling through a tube in laminar flow [15].
The latter will be used to assess the survivability of reactive species in the sampling system.

It is anticipated that the transient data coupled with the model analysis will aid in the
identification of the key reactions in the mechanisms responsible for the behavior of fire
suppressants in combustion systems. (It is noted that the “built-in” sensitivity analysis options in
the CHEMKIN 1II codes will be especially helpful in such mechanistic investigations.) This
approach could also be used to determine kinetic rates for the reactions involved. The unique
capabilities of the REMS/WSR apparatus could be used to identify and measure in a definitive,
quantitative manner the efficacy of candidate fire suppressants using only minimal pulsed amounts,
as well as aid in the assessment of the important environmental effects of using fire suppressants in
combustion systems relevant to Air Force operations.
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Figure 1. Krypton signal responses for variable duration pulses and the corresponding fits to the data for the ignited
WSR operating with 200 slm air and 14.7 slm methane (1 = 12 ms). The characteristic time constant for
the pulse rise is ~45 ms, and 22 ms for the pulse decay, which differs significantly from <.
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Figure 4. Mass 47 and 66 signal responses as a function of Halon 1301 concentration level of 50 ms pulses into
the ignited WSR operating with 200 slm air and 5.9 slm propane (t = 12 ms).
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EXAMINATION OF CRITICAL ISSUES IN THE USE OF "*Hf
FOR HIGH ENERGY DENSITY APPLICATIONS

James J. Carroll
Assistant Professor
Department of Physics and Astronomy
Youngstown State University
Abstract

The second nuclear isomer of Hf stores 2.445 MeV per nucleus for a halflife of
31 years. Therefore, samples containing this isomer provide an attractive high energy density
material, on the order of a gigaJoule per gram. This stored energy is normally released as gamma
rays during the spontaneous decay of the isomer. However, experimental studies have indicated
that it may be possible to trigger this release without resorting to fission or fusion reactions (with
their negative aspects). In this event, "°Hf may prove to be important for a number of
applications related to the mission of the US Air Force, including rocket propulsion, agent defeat
and advanced light source or laser development. This report examines a number of critical issues

which must be resolved prior to a complete evaluation of the potential for the 31-year isomer of

®Hf The status of experimental and theoretical efforts along these lines will be discussed.
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EXAMINATION OF CRITICAL ISSUES IN THE USE OF '"*Hf
FOR HIGH ENERGY DENSITY APPLICATIONS

James J. Carroll

INTRODUCTION

Considerable attention has recently become focused on the potential for nuclear isomers in
applications related to the mission of the United States Air Force. These include rocket
propulsion, agent defeat and advanced light source or laser development. The performance of
innovative concepts along these lines would be greatly enhanced by reductions in weight and the
ability to produce high-energy photons (gamma rays) without the negative consequences of
fission or fusion reactions. This enhancement may be possible with the natural advantages of
nuclear isomers.

A nucleus can exist in a number of excited states, each storing energy and lasting for some
time before returning to its lowest-energy, or ground state. This decay is usually accompanied by
the emission of gamma rays which carry away the excess energy. Most excited-state lifetimes are
shorter than nanoseconds, but many nuclides possess a few excited states which are characterized
by lifetimes as long as 10" years. These “metastable” states are called nuclear isomers and
provide the ultimate in high-energy density materials. Energy storage can reach the level of a few
MeV per nucleus, on the order of a gigaJoule per gram at solid densities. The long lifetimes arise
from weak coupling between the metastable states and the radiation field, and so isomeric decays
are characterized by high-multipolarity transitions. At the same time this poor coupling would
appear to inhibit any attempt to trigger the release of the stored energy upon demand, without

resorting to fission or fusion reactions. However, experimental studies conducted in academia
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over the past decade indicate that triggering may indeed be possible using photons (x rays) of
relatively low energy. This opens attractive possibilities for a number of applications, depending
upon the particular properties of the isomer and the trigger parameters. This report examines a
number of critical issues related to the potential use of the 31-year isomer of "*Hf for these
applications.
FUNDAMENTALS

The attractive features of '"*Hf as a high-energy density material follow from its rich
manifold of excited states which includes several isomers. Figure 1 shows a subset of those states
as a schematic energ)"-le;rel diagram where the arrangement of the levels into columns emphasizes
the band structure. This isotope falls into the class of nuclei (common in the rare-earths) which
are well-deformed from a spherical shape, being in this case prolate. Within this shape individual
nucleons undergo motion which can be described by an independent-particle model with a
deformed (Nilsson) potential [1]. Single-particle excitations provide the intrinsic states of the
nucleus, which are shown in Fig. 1 as the levels lying at the bottom of each column. Each
intrinsic state has an angular momentum with quantum number I and the projection of this angular
momentum upon the deformation axis is quantized by Q. Due to the presence of definite
symmetry, the nucleus behaves as a quantum rotor and additional excited states arise from its
collective motion. The resulting rotational levels provide a band structure built upon each
intrinsic state. The total angular momentum, with quantum J, arises from the addition of
rétationa] quanta and the angular momentum of the intrinsic state. The projection of the total
angular momentum upon the deformation axis is quantized by K and thus the value of K for each

member within a band is determined by that of the intrinsic state which serves as the
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bandhead. Only if axial symmetry is maintained does K remain a good quantum number: K is
therefore an approximate or asymptotic quantum number. The angular momenta of band
members follow the rule J = K, K + 1, K + 2, ..., with the exception that only even J occur for
rotational states build upon a 0" intrinsic state. High angular momentum can therefore occur for
large-J intrinsic states that are deformation-aligned, or as rotational levels with large J, but small
K (rotation-aligned).

The radiative decay of any excited state is governed by the standard selection rules for
electromagnetic transitions: AJ < {, where {, is the multipolarity of the radiation field, and
An = (-1}, (-1)'* ! for electric and magnetic transitions, respectively. A value of Ax = -1 indicates
a change in parity in the transition. The probability of an electromagnetic decay from an excited
state having angular momentum and parity, (J7); to a state having (J) may be estimated by
considering that of a transition due to a single particle, i. e. by employing Weisskopf units. For
example, the transition rate for electric dipole ({ = 1) radiation is given by the [2]

w=(L03x10" sHA%E, 1)
where E, is the transition energy in MeV, A4 is the mass number of the nucleus and w is in s™. The
radiative lifetime of the upper state, 7 is given by the inverse of the transition rate.

An additional complication arises for well-deformed nuclei such as Hf  Another
selection rule must be satisfied provided K remains a good quantum number: AK < ([ A
transition characterized by a given / based upon the needed AJ may prove to be strongly inhibited
if the AK of the transition is greater than the multipolarity (a X forbidden transition). This is

quantified by the degree of K forbiddenness, v =| AK - { | and the transition rate is reduced by the
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factor /” where the hindrance per degree of forbiddenness is /. Extremely long lifetimes against

spontaneous gamma emission can arise when deformation-aligned intrinsic states of high angular
momentum are located at relatively low energy. Such states occur with some regularity in the
rare-earth region due to the existence of many single-particle orbitals with large Q near the Fermi
surface. Levels of comparable J to which modest-multipolarity transitions would otherwise be
likely are rotational states with much smaller values of K. These are often the yrast states which
have the highest total angular momenta for a given energy and are usually members of the
ground-state band. Metastability resulting from this structure is referred to as being caused by an
yrast trap. As can be seen from Eq. (1), a small transition energy can also inhibit gamma
emission, leading to isomers which are spin trapped.

Figure 1 shows that the J* = K™ = 16" level of ""°Hf is an example of an isomer which is
both yrast and spin trapped. This isomer stores 2.445 MeV for a halflife of 31 years and is
designated as '"*Hf™ in deference to the “first” metastable having a 4-s halflife lying at lower
energy (“*Hf""). The initial step of the spontaneous decay of the 3 1-year isomer occurs primarily
by a 12.7-keV transition to the 13° member of the K = 8 band, requiring an electric octupole
transition (E3, where { = 3). Since K = 16 for "*Hf"?, the transition is characterized by a 5-fold
degree of K forbiddenness and / ~ 100 [3]. Therefore, a further increase of (100)° is expected in
the Weisskopf estimate for the isomer lifetime [4] of approximately 0.1 s. The predicted lifetime
is therefore on the order of 10° years, compared with the measured halflife of 31 years [5].

The 31-year isomer of "*Hf provides a nearly ideal high-energy density material that can
be produced in the metastable level using cyclotrons or nuclear reactors. However, in order to be
useful for applications the triggered release of this energy upon demand must be viable. The most
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attractive scenario for triggering would provide a relatively small amount of additional energy by
inelastically scattering particles or photons (x rays) [6]. This would serve to pump the """Hf
nucleus from the isomer into a higher-lying level. That level could simply be a rotational state
built upon the isomer that would decay back to the metastable state. This process would not
serve to release the stored energy. Pumping that provides many MeV of excitation energy could
release the stored energy by reaching levels at very high energy which might lie among states
having values of K intermediate between that of the isomer and ground-state bands. The resulting
decay cascade would employ a number of transitions between bands, each providing only a
modest AK. This would be interesting from a physical standpoint, but not for applications due to
the excessive requirements on pump fluence. The preferred mechanism would employ the
smallest trigger (pump) energy possible. However, for this to be successful it is necessary that the
trigger excite the nucleus from the 31-year isomer to a state which allows transitions having large
AK without large hindrances.

Experimental studies performed over the past decade indicate that states having this
property do occur with some regularity in the region of masses near ""°Hf. Full details of these
studies may be found elsewhere [6,7]. Systematics were developed from more than 1,200
measurements in which the production of isomers of eighteen nuclides from the corresponding
ground states was \accomplished by the excitation of intermediate states using x rays. For
isotopes having mass numbers near A = 178, a particular class of “giant” intermediate states
(elsewhere called giant pumping resonances) were identified to lie at 2.5 to 2.8 MeV above the
ground state. The probability of isomer production through these levels was measured by the

integrated cross section for the reaction in which a photon was inelastically scattered to excite the
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intermediate state. This type of reaction is designated as (y,y‘) where y represents the incident
photon and y° represents the outgoing (scattered) photon. The appellation “giant” is due to the
magnitude of the integrated cross sections measured for the production of isomers, more than 10*
larger than typical (y,y*) reactions. Even more important was the demonstration of triggering for
the one isomer which was readily available for testing. This was '**Ta™ the only naturally
occurring isomer and nature’s rarest stable isotope (***Ta™ has a lifetime in excess of 10" years,
while the '*'Ta ground state has a halflife of only 8.1 h) [5]. The results obtained for '*Ta™
showed that the release of the 75 keV stored in the J = 9 isomer was triggered by x rays having an
energy of 2.8 + 0.1 MeV. Again the integrated cross section was found to belong to the class of
giant intermediate states.

The triggering of energy release from one isomer has been experimentally demonstrated
and systematics developed for the intermediate states responsible for this and the excitation of
isomers for eighteen other isotopes. These systematics indicate that giant intermediate states
which permit the production or triggering of high-K isomers in the A = 178 region should lie
between 2.5 - 2.8 MeV [6,7], although the exact placement may depend somewhat on differences
in single-particle structure. Integrated cross sections for such states are on the order of 100 eV-b.
The focus for applications on the 31-year isomer of "*Hf reflects these systematics:

1) "SHf™ stores an attractive 2.445 MeV per nucleus, or 1.3 GJ per gram (at solid

densities and 100% inversion)

2) 8H™ has a halflife of 31 years unless triggered.

3) 178 lies falls the mass range wherein giant intermediate states have been found:
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a) *Hf"? should lie no more than about 300 keV below the likely position of
a giant intermediate state.
b) SHf"? should be triggered with an integrated cross section that is
comparable to that observed for the triggering of "**Ta.
CRITICAL ISSUES
General
A number of questions remain to be answered prior to a complete evaluation of the
potential of "*Hf™ for applications. These include:
1) Demonstration of triggering
a) Measurement of energy needed to trigger with photons or particles.
b) Measurement of integrated cross section for trigger process.
2) Determination of output gamma cascades and matching of these with applications.
3) Development of a theoretical understanding of the mechanism which permits
triggering (and production) of isomers despite large AK.
The answers to questions 1a) and 1b) rely entirely upon experiments and these are currently
underway as part of a collaboration between the University of Texas at Dallas, Youngstown State
University, the Joint Institute for Nuclear Research, Dubna, Russia, and the Center for Nuclear
and Mass Spectroscopy, University of Orsay, France. A preliminary experiment was conducted in
March, 1996 using alpha particles from the tandem accelerator at Orsay incident upon a sample
containing '*Hf** produced in Dubna. Data analysis is ongoing, but real-time spectra are
consistent with successful triggering. A further round of experiments to employ inelastic proton

scattering is planned for December, 1996.
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Output Spectrum

A determination of the output spectrum of gamma rays produced by triggering also
depends on the results of experiments. A choice of output may be possible if more than one
intermediate state is found which permits triggering with different energies. A full evaluation is
not possible at this time, but the adopted nuclear data allows consideration of the various known
gamma cascades which would likely result from an excitation of "*Hf™ to an intermediate state
lying about 300 keV higher in energy. A selection of these decay cascades are listed in Table I
along with that resulting from the spontaneous decay of the 31-year isomer. Although it is
unknown which cascades may be populated by triggering of "*Hf"?, several are quite attractive.
Many of the component transitions shown are very short lived (< 1 ns). However, the output
spectrum which begins with production of the J%, K™ = 1477 level at 2.573 MeV (T, = 68 us)
would be well matched to the temporal characteristics of typical pulsed-power machines which
might be used for triggering. Likewise, production of the J*, K" =117,6" state at 2.700 MeV
would initially lead through a fast cascade to the K* = 6™ bandhead at 1.553 MeV which has a
halflife of 77.5 ns. These cascades might well prove useful for applications in which a short-
duration flash of gamma rays was desired. In addition to the temporal features this output
spectrum contains penetrating 1-MeV gamma rays with high intensity.

Other applications might benefit from gamma rays of lower energy (100’s of keV) emitted
over a period of several seconds. This occurs in any triggered cascade which leads to the
production of the 4-s isomer at 1.147 MeV. Cascades include those beginning with the 68-us

level at 2.573 MeV, the level at 2.700 MeV, the level at 2.485 MeV, and the level at 2.749 MeV.
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Table I. Listing of output transitions accessible by a trigger of about 300 keV or less [5].
Unplaced levels and transitions are not included here. Intensities are per decay of the initial state

in the cascade. The 2"y refers to the K = 2 gamma vibrational band.
Level Halflife | Transition { Gamma | Gamma Level Halflife | Transition | Gamma | Gamma
energy (", K*> | energy | intensity energy (", K"~ | energy | intensity
[keV] KD keV] | [%] [keV] LK keV] | [%]
Spontaneous decay
2,445 iy 16°,16'> | 12.7 0 {conv.) 2700 116" | 266.6 425
13,8 106"
2443 13,8 296.8 9.9 11°,6'> 517.1 57.5
12,8 9" 6"
138> 574.2 90.1 2434 10°,6'> | 250.6 20.3
11,8 9.6
2136 12,8> 2774 1.3 10°,6"— | 4816 223
11,8 86"
128> 535.0 8.6 2183 9'.6" 2314 46.6
10,8 86"
1859 118> 257.6 174 96" 441.8 31.2
10,8 76"
118> 495.0 74.0 1952 8" .67~ 2103 68.8
9.8 7.6
1601 10,8 237.4 9.3 1741 76— 187.7 100
9.8 6,6
10,8 - 454.1 16.7 1553 77.50s | 6°,6"'> 169.5 44
8.8 42y
1364 98> 216.7 83.3 66> 406.6 24
8.8 8.8
1147 4s 88— 88.9 66.7 66— 921.8 61.5
8,0 6,0
1058 28ps | 80"> 426.4 97.1 66— 12474 |} 31.7
6,0 47,0
631 112ps | 6°0"> 325.6 64.3 1384 4" 2"y 1077.8 | 3.0
4+,0+ 4+’0+
306 40— 2134 | 813 4 2%y | 12913 |14
2,0 20"
93 1.5ns | 2°0"> 93.2 174 1147 See spontaneous
0',0" decay cascade
632 See spontaneous
decay cascade
307 See spontaneous
decay cascade
94 See spontaneous
decay cascade
2778 33ps 14°,0°—> 626.9 100 2573 68 s 1477~ 126.1 0.7
127,07 16°,16"
2151 06ps | 12°.0°> 579.7 100 14,7~ 140.3 20.8
107,0" 2,2
1572 1.0ps | 10,0°> 5124 100 14,7— 437.0 35.6
8°.0" 2,2
1059 See spontaneous 2445 See spontaneous
decay cascade decay cascade
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Table 1. (Continued).

2485 12,8 348.5 270 2749 14,8 | 612.6 100
12,8 12°,8°
12,82 626.2 73.0 2136 See spontaneous
11,8 decay cascade
2137 See spontaneous
decay cascade
1859 See spontaneous
decay cascade

Triggering Mechanism

One of the lingering concerns regarding "*Hf" has been the need for low-energy
triggering to provide a large AK in order to reach the output cascades listed in Table I. For
example, in order to initiate the attractive cascade which begins with the 2.700 MeV,
FK"=11%,6" state, a change of 10 units of angular momentum projection must occur. A
successful low-energy trigger would require excitation to an intermediate state less than about
300 keV above the isomer through a strongly-allowed transition. The structure of the
intermediate state then must permit a similarly strong transition to a low-K band and thus such
intermediate levels have been referred to as K-mixing states. If K remains a good quantum
number for the intermediate state, or levels into which it might decay, then the critical transitions
(isomer to intermediate, intermediate to output) would be expected to be severely hindered.
However, this is in conflict with experiments already discussed [6,7] which demonstrated the
triggering of '**Ta™ (AK = 8 from isomer to ground-state band) with large integrated cross
section, as well as complimentary results for the production of isomers in neighboring nuclides.

A number of experimental studies have been performed which point to the existence of K
mixing in the spontaneous decay of rare-earth isomers. These are listed in Table II. The initial
transitions from the isomers vary considerably in terms of intensity and provide AK ranging from
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Table II. Isomers experimentally shown to spontaneously decay through large AK transitions
with measurable intensity. Intensities are per isomer decay.

Nuclide Isomer Decay Comments References
target
Energy | (K™ | Tz Energy | J" (K") | Intensity
[MeV] [MeV] [%]

Hf 13319 | 127(12) 2064 | 127(0" |24 Only one decay 9,10
branch from the
isomer observed

'Hf 3312 [14°04) [37ps 2685 [12°() |07 Other transitions | 11,12,13
known - 1.1%
directly to ground-
state band

[Hf  [3.016 | 35/2 lps |2941 |33/2 0.05 Other transitions 13

(35/2) (5/2) known - 28.4%to

states with AK = 5

oW 3746 |14°(14") {35ns |2.801 |147(0") [ 10 Other transitions 3,14,15
known - over 50%
to ground-state
band

PwW [3349 [ 352 750ns | 2.738 | 31/2 82 Other transitions 8,16

(35/2) (23/2) known - 95% to

states with
AK=6-12

6 to 15. Two of the most striking results are the decays of the isomers of "*Hf (3.319 MeV,
K"=12) and "W (3.349 MeV, K" = 35/2), which occur with intensities of 24% and 82%
through AK = 12 and 6, respectively. These intensities should be unmeasurable in the
conventional model which would characterize these transitions as being strongly K forbidden.
Yet the transitions provide large AK with high probability and populate levels (labeled as “target”
in Table IT) at 2.064 MeV and 2.738 MeV, respectively. It is instructive to compare these level

energies with that which triggers **Ta™ at 2.8 + 0.1 MeV and those which populate isomers at
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2.5 - 2.8 MeV. The spontaneous decay of the other short-lived isomers listed in Table II also
exhibit initial transitions providing large AK, but with much smaller, albeit measurable intensities.
The target-state energies for these transitions are 2.685 MeV, 2.941 MeV and 2.801 MeV.

The experimental results of Table II support the suggestion [7] that the relatively short
lifetimes seen there are due to the fact that K-mixing intermediate states occur at energies
between 2.5 - 2.8 MeV, lower than the isomers. In the case of '*°Ta the isomer lies well below
the K-mixing intermediate level and therefore additional energy is required to trigger a non-
spontaneous decay cascade. Likewise, it can be expected that ""*Hf™ lies below a K-mixing level,
although much closer due to the isomer’s 2.445 MeV energy.

Two models have been proposed in order to explain the magnitude of K mixing required
for the spontaneous decays of Table II. The first model [8] mixes high- and low-K components
into the wavefunction of target states via Coriolis forces (the wavefunctions of isomers are
relatively pure). This occurs in the vicinity of band crossings, typically near J = 12. The model
has been used with considerable success to explain the anomalous AK = 6 decay of the 750-ns
isomer of W, Con'olisvmixing with a fixed nuclear shape was calculated using the cranking
model by “tilting” the cranking axis. A new ¢ band of states was generated which included the
2.738-MeV target level. That intermediate state was shown to be of mixed-K composition, being
approximately 50% K" = 23/2" and 50% K" = 7/2°. The spontaneous decay of the isomer to the
high-K component of the target wavefunction can therefore be considered as obeying the usual K
selection rule, but with a greatly reduced effective degree of K forbiddenness.

The second model [3] considers K mixing as being the result of collective, large-amplitude

fluctuations of nuclear shape which destroy its axial symmetry. Axial symmetry is lost when a
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triaxial shape occurs, quantified by the triaxiality pararﬁeter y. A value of y = 0° corresponds to a
prolate shape with axial symmetry, giving deformation-aligned states like K isomers. An identical
shape is arrived at by an irrotational change to y = -120°, but then K = 0 (rotation-aligned). At
= -60° the nucleus is oblate and intermediate values of y reflect a triaxial shape. In this model
K-mixing transitions from an isomer to yrast states is interpreted as being caused by tunneling
through a potential barrier parametrized by the y degree of freedom. The y-tunneling model has
shown initial success in understanding spontaneous isomer decays in *Hf and *W. Coriolis
mixing is also important in the former case, but does not contribute significantly for °W. A final
resolution of the mechanism responsible for K-mixing transitions is not presently available, but
detailed studies for individual nuclides as well as examinations of systematics are underway
[13,17,18]. It is worth noting that the subject of high-K isomers and K mixing has already
reached sufficient maturity to have gained the attention of non-specialists [19].
SUMMARY
A number of important questions remain to be answered before the potential of "*Hf™
can be fully examined. Direct investigations are underway or planned which will determine the
existence and properties of a K-mixing trigger level which releases the energy stored in the
isomer. Theoretical models are being developed which show promise in understanding the
mechanisms through which K mixing transitions can occur with large probabilities. Systematics
indicate that "®Hf™ can be triggered with relatively low-energy photons and with significant
pfobability. Still, even if “giant™ integrated cross sections for K-mixing states are found, further
enhancements in triggering efficiency may be needed. A study along these lines is currently being

planned [20]. At present, "°Hf"™ remains high risk due to the absence of definitive answers to the
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critical issues. However, the high payoff inherent in this high-energy density material as a non-

fission or fusion radiation source, along with the interesting physics, continue to motivate

examination.

10.
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Abstract

The aero-optics research group of the Lasers and Imaging Directorate at Phillips Laboratory
conducts tomographic reconstruction for imaging three-dimensional flow fields by
employing the Hartmann sensor. The system based on Hartmann sensors can provide rapid
sampling of two-dimensional projections of a field, that is, real-time capability in data
acquisition. However, it provides integrated gradient-data along the optical paths of
probing rays. The current practice of reconstruction has depended on an existing
computational tomographic technique that utilizes integrated optical pathlength data.
During this summer research, the investigator analyzed the currently employed software for
reconstruction, formulated a new topographic reconstruction algorithm, and provide a
strategy for assimilating these two techniques into a single package. He also investigated a
strategy and conducted concurrent analysis for achieving a long-term goal of utilizing a
currently-available wind-tunnel facility, that is, Turbulent Boundary Layer Generator, for
aero-optics research. This can be accomplished by tomographically reconstructing flow

fields with the Hartmann sensor.
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A STUDY ON HARTMANN SENSOR APPLICATION
TO
FLOW AERO-OPTICS INVESTIGATION THROUGH TOMOGRAPHIC
RECONSTRUCTION

Soyoung Stephen Cha

1. Introduction

Optical tomography can be of great value, especially in flow field imaging in aero-dynamics
or aero-optics. It provides merits in its noninvasiveness, instantaneous capture of gross-
fields, measurement accuracy, and spatial resolution as compared with conventional
techniques. However, practical application of the technique to the flow testing facilities at
various Air Force laboratories requires that pertinent application problems be thoroughly

examined.

Currently, the aero-optics research group of the Lasers and Imaging Directorate ét Phillips
Laboratory conducts tomographic reconstruction for imaging three-dimensional (3-D) flow
fields by employing the Hartmann sensor. The Hartmann system allows rapid sampling of
two-dimensional projections of a field to be measured and thus continuous real-time data
acquisition of fast transient phenomena. The Hartmann sensor, however, provides
integrated gradient-data of refractive-index along an optical ray unlike integrated optical

pathlength data in interferometric tomography.

The optical tomographic system, which is currently utilized at Phillips Laboratory, consists
of two parts: that is, the Hartmann-sensor hardware for obtaining gradient projection data of
flow fields and computational software for reconstructing the fields from projections.
During the short summer research program, the principal investigator (PI) (Professor S. S.
Cha) has carefully examined the structure of this tomographic system to accomplish the
following objectives.  Firstly, he devised a new approach that allows flow-field
reconstruction with the gradient projection data that can be directly obtained from the

Hartmann sensor. It is thus unlike the present practice that resorts to an additional data
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processing of integration for obtaining optical pathlength data. He then formulated a
strategy for assimilating the newly developed algorithm into the existing software with
minimal modification to form a convenient versatile single package. Secondly, Phillips
laboratory has an available facility named Turbulent Boundary Layer Generator (TBLG)
[1]. This wind tunnel was designed to investigate the aero-optical effects of turbulent
boundary layers. One of the objectives of the summer research was to investigate the
feasibility of using the facility for a long-term goal: that is, tomographic image
reconstruction of the boundary layer flows generated by the wind tunnel with the Hartmann
sensor for aero-optics research of image aberration. To achieve this long-term goal, the Pl
formulated a strategy in developing both hardware and software, proposed a preliminary

hardware concept and design to accommodate the peculiar facility configuration, and |
conducted pertinent theoretical analyses to approximately extract design parameters and

thus to draw important conclusions for reasonably assessing confidence in the effort.

The brief summary of the investigation results by the PI, including approaches,
methodology, and analyses are summarized hereafter: that is, Section 2 for the first
objective of computational reconstruction from gradient projection data; and Section 3 for

the second objective of utilization of the TBLG wind tunnel.

2. Tomographic Reconstruction from Gradient Data

One approach of computational tomographic reconstruction from projection data is to

approximate the field f(x,y) to be reconstructed with a finite series.
M N
fxy)= Y, D Cb(xy) )
i ]

where b;; and C;; are an expansion term (basis function) and the corresponding coefficient,
respectively. The tomographic projection (line-integral transform or two-dimensional (2-D)

Radon transform) is then
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M N
PP.6)= ) D C.a.(p.0) @)
i

where aj;, 6, and p are the Radon transform of by, projection angle, and distance of a data
point from the optical axis, respectively. In a series expansion method, the coefficients Cj;
can be determined by setting up linear algebraic equations with measurement data p(p,0)
once the series pairs of b;; and a;; are determined. Many techniques are available for solving
linear algebraic equations, including algebraic reconstruction technique (ART), maximum

likelihood estimation, maximum entropy method, least square method, conjugate gradient

method, etc.

In series expansion, the basis functions can be either local or nonlocal. The individual
terms of nonlocal basis functions differ from each other while sharing the same entire
domain of definition. They thus limit the number of ierms to be employed and are
inconvenient to use. Unless a special means as in a curvilinear method [2] is provided, they
are defined in a common circle enclosing the flow region. That is, it is difficult to conform
to the boundary shape and inefficiency arises for expanding the non-flow region into a
series if the flow is non-circular. On the contrary, the approach of local basis functions
(LBFs) employs locally-defined functions of the same functional representation except for
displacements of individual terms for repetition throughout the field to be reconstructed. It
is thus very adaptable to boundary shapes and easy to use, consisting of repeating LBFs that
occupy a small region. The fixed grid method (FGM) that is currently employed at Phillips
Laboratory is an example of LBF methods. However, since it approximates a field with
discontinuous LBFs of constant value, it cannot provide gradient values for direct
application to the data from the Hartmann sensor. Thus the methods based on continuous

LBFs are recommended.

The continuous LBFs formulated for gradient-data reconstruction during the summer

research can be represented by Eq. (3).
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I- Z(Elj +(-r2)‘ forr. <R
b,(x,y) =b(r)) = R R v (3

0 forr,>R

wherer, = {[x =i~ DAIF + [y~ (- DaIP} .

r;; is the distance from the local coordinate origin at the center of a LBF as demonstrated in

Fig. 1.

Since it is circularly symmetric, it lends itself easily to analytical expressions for projections
of both optical pathlength and gradient data as explained below. Without respect to the

projection angle, the gradients of all LBFs normal to any projection become

3
a(5), 4(5
o =) =-4{3)+£(2)

If we find the projections (Radon transform) of Eq. (3),

16 — p. ) [p.
—JRI =(p)Y1-2 = 4| = forp. <R

a,(p8) =a(p,) =115" -(p")’ Z(RJJ'(RH o 5)
0

for p, >R
1/2
where p,, = p+[(i ~1241% +(j- I)ZAIZ] sin(6-a) and

a=tan”'[(j-D/G-D].

pj; is the distance of a probing ray from the local coordinate origin and a is the angle to the

local coordinate origin, as shown in Fig. 1. Similarly to Eq. (5), the projection of the
gradient of a LBF, Eq. (4), becomes




i
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Figure 1. Coordinate systems and nomenclature for the LBF series expansion.




3/2
160y [Py
- -] — forp. <R
at(p,0) =a*(p,) =1 3 E{ (RH o Py ©)

0 forp, >R

The counterpart of Eq.(2) then becomes
P*(p.0) = ﬁ:iCi,-af,-(p,e) ()
i

where p’(p,0) is the integrated gradient data from the Hartmann sensor. As usual, we can
determine c;; by setting up linear algebraic equations (7) with measurement data and solving

them. The field can then be reconstructed by Eq. (1) with Eq. (3).

In addition to the LBF of Eq.(3), it is also possible to employ other polynomial functional

forms of different order. An example can be

2 3
1- J(i) + 2[—5-] for T <R
bouy)=bry=1 R/ (R @®)

0 for T >R

Detailed discussions of local and nonlocal basis functions and corresponding transform

pairs can also be found in References 3 and 4.

The LBF approach has the merits over those based on nonlocal basis functions as previously
mentioned. In addition, as seen, it can also provide analytical expressions of transform pairs
in series expansion of gradient fields. This is not possible with nonlocal basis functions.
Hence, the formulated method presented here is advantageous in using both optical
pathlength data as from multidirectional interferometry and integrated gradient data as from
Hartmann sensor. Since all series expansion methods differ only in setting up Eq. (2) with

measurement data, the formulated LBF method can be easily incorporated into the
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tomographic reconstruction software at Phillips Laboratory. The detailed schemes of

software modification for the LBF incorporation are discussed in References 5-9.

3. Tomographic Flow Reconstruction of Turbulent Boundary Layer
Generator (TBLG)

Tomographic reconstruction of turbulent flow boundary layers (BLs) generated by the
TBLG with the Hartmann sensor poses some challenges due to the peculiar testing
configurations and operating environments that produce ill-posed projection data and

reconstruction fields.

Figure 2 shows the test section dimensions of the TBLG where the BL of 5 cm thickness
and field scanning aperture of 10 cm diameter are assumed for a typical operation for the
analyses in this section. As easily noticed in Fig. 2, the issues to be raised and answered in
reconstruction can be as follows. First, the flow field is much larger than a typical
Hartmann sensor of 2.8 cm in diameter. That is, we need to expand the field scanning
aperture as larger as possible from the direct scanning that results in the size of the
Hartmann sensor. The aperture diameter of 10 cm as assumed can practically be an
approximate limit. If so, an appropriate means for expansion needs to be devised. Second,
the finite window and the enclosure prohibit complete angular scanning and additionally,
the BL continually extends beyond both ends of the test section. Only part of the long flow
strip can thus be scanned as indicated by areas A; and A in Fig. 2. This raises a
reconstruction problem from a limited-aperture limited-data set. The question is then how
much reconstruction accuracy is expected and what computational reconstructor can be
employed. Third, since the BL is generated with a heated wall, the optical window at the
test section is heated and expected to contribute to the refractive-index change outside the
flow field. It also generates a hot plume of natural convection along the optical window.
The degree of these disturbances needs to be estimated to assess their effects on the flow
field reconstruction and a special means may thus be required for minimizing these effects.

The summary for addressing the aforementioned issues is presented hereafter.
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Figure 2. Schematic of the TGLB test section and BL area scanned by the Hartmann sensor.
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3.1 Proposed Optical System for Capturing Large-Field Projections with Small Hartmann

Sensors

The current tomographic field-projection system uses collimated beams for obtaining
projections with Hartmann sensors. If so, many large-diameter beam collimators and
collectors are required for obtaining large-field projections. This approach is impractical,
resulting in an expensive and bulky setup. Figure 3 shows a schematic of a proposed
system. The holographic element can produce many converging cone-beams, which can be
filtered and collimated for imaging on Hartmann sensors. The collectors (collimators),
being small, are inexpensive and the system can be compact. Even though it is a fan-beam

arrangement, the collected data can be equivalent to those shown in Fig. 2 if they are sorted

for parallel rays.

3.2 Effects of Limited Aperture and Limited Data on Reconstruction and Computational

Reconstruction Scheme
3.2.1 Estimation of error Propagation

Reconstruction errors in optical tomography depend on various factors; that is, noise in data,
scanning angle, number of projections and number of data points per projection,
computational reconstructor employed, field shape, etc. It is thus difficult to assess
reconstruction errors unless a realistic simulation is conducted for actual experimental
hardware and computational software. Here, crude estimation results of reconstruction
errors due to the long-strip flow, or equivalently due to the limited aperture, are presented
by adopting a rather terse approach based on hand calculation. Details of calculation can be

found in Reference 10.
The reconstruction operation is near-linear and hence the flow reconstruction can be

considered to be equivalent to the combination of two reconstructions of areas A; and A..

Previous investigations {11-12] indicate that angular scanning up to 60° can produce
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reasonable reconstruction accuracy when the entire field is contained in the scanning
aperture and an appropriate computational reconstructor is chosen. Area A, in Fig. 2 can be
scanned with 8,=100° and can thus be reconstructed with good accuracy by using a proper

reconstructor.

The long-strip field mandates a limited aperture and thus a limited scanning angle. The
scanning angle of area A, varies from zero to the maximum 6y, with average 6,=8/2. We
expect that the reconstruction of this area becomes inaccurate and its effect propagates into
the center region of area A, of our interest. It is difficult to analytically assess the error
propagation of a specific reconstructor except for the Fourier Transform method (FTM)
[13,14]. The FTM requires complete data with the full scanning angle of 180°. For
analyses, we choose the FTM; however, the following assumptions are made for simple

assessment.

(1) Area A, is scanned with a half of the scanning angle 6, of Area A, for which proper
selection of a reconstructor yields good accuracy. The reconstruction error propagation of
area A; can be approximated by that of FTM with the area scanned by a half of the scanning
angle of 180° for which FTM yields good accuracy.

(2) 60 lenslets of the Hartmann sensor cover the field-scanning aperture of 10cm in
diameter. Hence, its detectable or cutoff spatial frequency M is approximately 3.

(3) Test field f A and f Ay to be reconstructed for areas A, and A; are of uniform unit value.
The energy of f Ay is thus 46.5, which is equal to its area. The local region of A; near A; has

more projection energy and geographical affinity to influence A; in error propagation;
however, it produces less errors, having a scanning angle close to the maximum value. The
region of A; far from A, has an opposite trend. For this reason, fa; is further approximated
by an impulse function or a rectangular function whose centers are approximately at the
centroid of area A, as shown in Fig. 4(a). This makes the analysis simple. The composite
of one-dimensional Fourier transforms of projections becomes the two-dimensional Fourier

transform of the field under full angle scanning [13,14]. The Fourier transforms
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F, _obtained from measured projection data of these approximating fields are also shown in

2
Fig. 4(b). The Fourier transform energy under full angular scanning is maintained at the
same value of 46.5 for both of the fields after cutting off the detection frequency.

(4) Noise has a multiplying effect on the reconstruction as the degree of data ill-posedness

increases. However, its effect is not considered here.

Based on the above assumptions, Field f Ay scanned with a limited aperture, which results in
restricted angular scanning, can be represented by F:z(u, v) defined only in the shaded area

of the Fourier transform domain in Fig. 4(b). If so, the reconstructed field f:'(x, y) can be

found by inverse Fourier transform.

£2(x,y) = F'{F',(u,v)} (10)

The numerical inversion was carried out for both an impulse and rectangular function with

the following results at the edge and center of area A,.

(1) Impulse Function:

(i) At the edge of area A, f'(=5,0) = 0012 an
The effect of A, at the other side is negligible. Hence, the total effect is 1.2% in
reconstruction error propagation.

(ii) At the center of Area A,, f'(~10,0) = 0.0023 (12)

The effect of A, at the other side is the same. Hence, the total effect is 0.46% in

reconstruction error propagation.

(2) Rectangular Function
(i) At the edge of area Ay, f'(-5,0) = 024 (13)
The effect of A, at the other side is negligible. Hence, the total effect is 24% in

reconstruction error propagation.

7-15




(ii) At the center of area Ay, f'(-10,0) = 0.042 (14)
The effect of A, at the other side is the same. Hence, the total effect is 8.4% in

reconstruction error propagation.

Two values of error effects at the edge of A; show some difference between the impulse
function and rectangular function. Further precise assessment may thus be needed. The
values at the center of A, are very low. The flow reconstruction near the center can thus be
reliable. The FTM employed here for error analysis is not a good reconstructor to be
applied under the ill-posed data conditions. The error propagation can be substantially

minimized through adoption of other proper reconstructors as indicated in Section 3.2.2.

3.2.2 Proposed Computational Reconstruction Scheme

As seen in Fig. 2, the TBLG flow poses a peculiar reconstruction problem. First, the
field boundary to be reconstructed is substantially different from the conventional circular
or rectangular shape. Second, the reconstruction error of the outer region A», being scanned
with a severely-limited angle, may substantially affect the central region of A; of our
interest.  Reconstruction accuracy heavily depends on computational tomographic
techniques. We may select 3~4 good candidates; however, each of them still has different
merits. For TBLG tomography, a hybrid approach that simultaneously deploys three typical
techniques in reconstruction of a single flow is thus proposed as described below. In this
manner, the strengths of these techniques can be combined together to alleviate the effect of

the ill-posed nature in reconstruction.

(1) Curvilinear Nonlocal-Basis-Function Method (NBFM): Being defined in a common
circular domain, ordinary NBFMs are inflexible to adapt to a different boundary shape.
In ill-posed reconstruction, defining the exact boundary as close as possible is very
important for minimizing errors. They also have difficulty in providing good local
resolution with many series terms, being defined in the same entire domain; however,

they can offer an advantage in finding a smoothed global shape with a small number of
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series terms. The proposed curvilinear NBFM [2] can conform to peculiar boundary

shapes while maintaining the aforementioned merit of NBFMs.

(2) Continuous Local-Basis-Function (LBF) Method: LBFs are good in easily adapting to
unconventional boundary shapes and providing local resolution. Current practices of
LBFs use optical pathlength data, that is, integrated values. The Hartmann sensor
provides gradient data. Unlike a field confined in the aperture and with diminishing
zero values at the boundary, TBLG flows cannot provide reference values in integration
of the gradient data for generation of pathlength data, that is, integral constants. The
continuous LBF method presented in Section 2 can thus be a good candidate. For the
method, we can reconstruct the refractive-index field directly from Eq. (1) as before.
Further improvement can also be made by incorporating the following concept of the
vanable grid method (VGM) [12]. For limited-aperture restricted-angular scanning,
some local areas are more heavily scanned than others. This intrinsic spatial resolution
information in data needs to be reflected in reconstruction if possible. That is, the
heavily scanned area can provide better spatial resolution and vice-versa. If we attempt
the same good resolution for both of the heavily and sparsely scanned areas, it produces
ill-conditioned algebraic equations and thus increases reconstruction errors. VGM is a
LBF method that can reflect the intrinsic spatial resolution information by generating
different basis (domain of definition) sizes according to the degree of scanning. It can

thus provide good reconstruction resolution and accuracy for the area of interest.

(3) Complementary Field Method (CFM): In ill-posed reconstruction, the utilization of a
priori information is very important. This narrows down the search space of reconstruction
and thus the reconstruction accuracy. Typical a priori information can be previous field
reconstruction, positiveness or negativeness of field values, known local values, etc. CFM
[15] is a reconstruction approach for efficient utilization of a priori information. Being
iterative, it can also be employed as a main driver in altemately adopting various
reconstructors in reconstructing a flow.

3.3 Effect of Optical Window Heating and Compensation Scheme
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The investigation of the optical window effects is important for accurately
determining TBLG BL flows. Based on the preliminary results [16], limited presentation is
made here. Further complete analysis and investigation for alleviating the effects will be

continued in the future.

The refractive-index of the window changes before and after generating the inside flow.
The change is substantial as compared with that by the TBLG flow. The contribution by the
natural-convection plume outside the window is relatively small but still needs to be
considered. Fortunately, these changes are fairly uniform over the surface. They also do
not fluctuate: that is, they are in a steady state during operation. These changes can thus be
accurately predictable for compensation. Some possible means are indicated below as
examples.

(1) Temperature can be measured with thermocouple probes at some locations including
inside window wall, outside window wall, and middle of the thermal plume. From the
thermocouple measurements, the effects can be calculated and these external contributions
can be subtracted out.

(2) By a separate means, the refractive-indices of the optical windows and the thermal
plume can be measured. An example is to coat the inside surface of the window for partial
reflection and measure the refractive-indices from the side of the Hartmann sensors shown

in Fig. 2.

4. References

1. B. Abel, L. Sharma, J. Craddock, T. T. Kang, J. Martin, and E. Rinehart, All Optical
Imaging Brassboard Program: Optical Distortion Properties of Turbulent Boundary
Layer Along a Heated Wall, Technical Report, Rocketdyne Division, Rockwell,
Intemational, Canoga Park, CA, August, 1992.

7-18




10.

11

12.

13.

E. Yu, S. S. Cha, and A. W. Bumer, Interferometric Tomographic Measurement of an
Instantaneous Flow Field under Adverse Environments, SPIE Proceedings Vol. 2546,
p- 33, 1995.

S. S. Cha, Interferometric Tomography for Three-Dimensional Flow Fields via
Envelope Function and Orthogonal Series Decomposition, Opt. Eng., Vol. 27, p.557,
1988.

H. Sun and S. S. Cha, Computational Tomographic Reconstruction for Limited Ili-
Posed Interferometric Data, Opt. and Lasers in Engng., Vol. 17, p.167, 1992.

S. S. Cha, Notes on Local Basis Functions, Informal Report for Summer Work at
Phillips Laboratory, July 31, 1996.

S. S. Cha, Notes on ART, Informal Report for Summer Work at Phillips Laboratory,
July 31, 1996.

S. S. Cha, Modification of Subroutine prjicm for LBF Method, Informal Report for
Summer Work at Phillips Laboratory, August S, 1996.

S. S. Cha, Subroutines and Their Variables, Informal Report for Summer Work at
Phillips Laboratory, July 31, 1996. _

S. S. Cha, Flow Chart of Subroutines and /O Variables, Informal Report for Summer
Work at Phillips Laboratory, July 31, 1996.

S. S. Cha, Estimation of Reconstruction Error due to Limited Size Aperture in
Tomographically Capturing the Extended Region of TBLG, Informal Report for
Summer Work at Phillips Laboratory, August 20, 1996.

D. W. Sweeney and C. M. Vest, Measurement of Three-Dimensional Temperature
Fields above Heated Surfaces by Holographic Interferometry, Int. J. Heat Mass
Transfer, Vol. 17, p. 1443, 1974,

D. J. Cha and S. S. Cha, Holographic Interferometric Tomographic for Limited Data
Reconstruction, AIAA J, Vol. 34, p.1019, 1996.

R. A. Crowther, D. J. DeRosier and A. King, The. Reconstruction of a Three-
Dimension Structure from Projections and Its Application to Electron Microscopy,

Proc. R. Soc. London. Sec.A: 317, p.319,1970.

7-19




14. R. N. Bracewell and S. J. Wermecke, Image Reconstruction over a Finite Field of
View, J. Opt. Soc. Am., p.1342, 1975.

15. S. S. Cha and H. Sun, Tomography for Reconstructing Continuous Fields from Iil-
Posed Multidirectional Data, Appl. Opt., Vol. 29, p. 251, 1990.

16. S. S. Cha, Problems to Be Considered for Tomographic Reconstruction of TBLG,
Informal Notes for Summer Work at Phillips Laboratory, August 20, 1996.

7-26



Tschin Chu’s report was not available at the time of publication.




STUDIES OF IONOSPHERIC ELECTRON CONTENTS AND HIGH-FREQUENCY
RADIO PROPAGATION

Kenneth Davies
Ajunct Professor

Department of Electrical and Computer Engineering

University of Colorado

Boulder, CO 80309-0425

Final Report for:
Summer Faculty Research Program

Phillips Laboratory

Sponsored by:
Air Force Office of Scientific Research
Bolling Air Force Base, DC

and

Phillips Laboratory

September 1996

9-1




STUDIES OF IONOSPHERIC ELECTRON CONTENTS AND HIGH-FREQUENCY
RADIO PROPAGATIGN A ©

et Kenneth Davies
Ajunct Professor
Department of Electrical and Computer Engineering
University of Colorado

Boulder, CO 80309-0425

Abstract

The research involves temporal and spatial variations of the ionosphere and the overlying
protonosphere and their effects on radio systems. Total electron content affects the time delays of
transionospheric radio signals and, therefore, is important in navigation and positioning satellite systems.
Several topics have been started that will be continued by future co-operation. Single frequency Global
Positioning System (GPS) receivers require corrections for time delays in the ionosphere and the
protonosphere. Ionospheric models, such as the USAF’s Parameterized Ionospheric Model (PIM), allow
prédictions of ionospheric delays but the effect of the protonosphere is usually ignored. The main source of
information on the protonospheric content is the ATS-6 Radio Beacon Experiment and these results are
surveyed and compared with outputs of a current protonospheric model based on physical principles. In
another project the ionospheric electron contents from PIM are compared with Faraday contents measured

at Hamilton MA over the years 1967 to 1995.

The GPS provides an important new tool for the investigation of ionosphere structure and some uses of
GPS in measurements of : total electron contents, electron density profiles, and ionospheric restraints on
the measurement of tropospheric water vapor are discussed. The construction of TEC regional maps over

Central Europe illustrates the potential of GPS in ionospheric applications.

The jonosphere profoundly affects the propagation of high frequency (3-30 Mz) radio signals.
Propagation models are available that give information on optimum operating frequencies and signal
strengths provided by a given transmiting system (including given output power, antenna characteristics,
modulation, etc.) It is planned to use the USAF PRISM model as part of a real-time upgrade for short-term
forecasting of HF propagation conditions. Discussions have been held on possible display formats for use

by radio operators with the user friendly HF Propagation Resource Manager (PROPMAN) develpoed by

Rockwell.




STUDIES OF [ONOSPHERIC ELECTRON CONTENTS AND HIGH-FREQUENCY
RADIO PROPAGATION

Kenneth Davies

Introduction

While at Phillips Lab.several projects were started that will be concluded , in collaboration with Phillips
Lab.staff, on my return to Colorado. The following are the main projects started during my stay: (1)
Protonospheric electron contents from the ATS-6 Radio Beacon Experiment, (2) lonospheric electron
content measurements from Faraday rotation measurements at Hamilton MA, (3) Comparisons of these
measurements with electron contents from current models of the protonosphere and the ionosphere, (4)
Short-term (24 h) forecasting of high-frequency radio propagation conditions using the recently developed
Parameterized Real-Time Ionospheric Specification Model (PRISM) and ways in which the outputs of
PRISM can be displayed for operational purposes, (5) Studies of the ionosphere using the Global
Positioning System, and (6) Ionospheric contamination of tropospheric water vapor measured with GPS.
These topics will be discussed briefly in this report and the final results will be published in the scientific

literature.

I express my sincere thanks to Dr. David N. Anderson and staff for their help, kindness, and co-operation

during my stay at Phillips Laboratory.

Review of protonospheric electron content

The protonosphere is that part of the outer atmosphere, above about 1000 km, in which the dominant ion is
H’. The electron content is important to users of systems such as GPS because it introduces signal delays
which result in errors of position. Continuous measurements of the protonosphere columnar content, Np,
were obtained from group delay content (Ny) and the Faraday content (Ng) of radio signals transmitted
from the ATS-6 geostationary satellite between July 1974 and December 1978 (see Davies 1980). Today
these data form the major source of knowledge of the geographical and temporal variations of the

protonospheric electron content.

Data on protonospheric content (Np = N - Ni) are summarized in Table 1. These data have been gleaned

" from various sources including published papers and reports and unpublished reports. The percent ratio

Np/Ny is given and, where possible, ranges of values of Np and N, separately. Table 1 shows that N; varies

between about one TEC unit (1 TEC unit = 1x 10" e.m™) and about four TEC units. Note that the ratio




Np/N; varies from about 10% during the day over the U.S.A,, to as much as 80% at night at Kiruna,
Sweden which is at a high latitude. However some of these data cover a o' £~ 2355 whwrcas cther data
sets cover a number of months and, thc,erare, may not be re;presentative of the average state.To within the
accuracy of measuiement, there is no marked dependence of Ny on latitude except possibly in low
magnetic latitudes. In low magnetic latitudes Ny is uncertain because the radio ray path is nearly
perpendicular to the geomagnetic field and, therefore, the Faraday rotation is small. Thus, to a first
approximation, the protonospheric content is about 3 TEC units and, essentially, is independent of time and
geogfaphical location. Thus the variations of the ratio Np/Nr arises mainly from the variations of Nr. Most
of the ATS-6 measurements were made for low sunspot numbers, however, data for Palehua, Hawaii show
that, between December 1977 (SSN = 57) and December 1978 (SSN = 118), N was essentially the same
so that there is no experimental evidence for a sunspot cycle dependence of Np. When Np values are
calculated using a first principles model, which includes ionosphere-protonosphere coupling and coupling
of plasma to the magnetically congugate region, they will be compared with the observed data (Davies et
al. 1996). However, we can construct a simple climatological model of the protonosphere in middle
latitudes in which the electron content is 3 TEC units and which is independent of geographical location,

local time, and sunspot number.

Observed and modeled total electron contents and slab thicknesses

The Fﬁaday electron content has been measured at Hamilton MA from 1967 through 1990, and similar
measurements are available for other locations, e.g. Boulder 1987 to 1995. Further, the US Air Force has
developed a climatological model, a parameterized ionospheric model, called PIM, which is composed of
diurnally reproducable runs of several physical ionospheric models (Daniell et al. 1995). While the model
has been checked against measured critical frequencies, no corresponding calibrations against total electron
contents have been made. Such a calibration is of value when the model is used to calculate
transionospheric effects. PIM outputs include: critical frequency (i.e. maximum electron density), total
electron content, and the equivalent slab thickness (= TEC/Nmax ). Figure 1 contains global maps of TEC
for 00 UT (top) in March 1988, a time of low solar noise flux, and in March 1990 (bottom) when the solar
flux was high. Both the absolute values and the contour shapes are different. For high solar fluxes the TEC
gradients are considerably larger than those for low solar fluxes. The global structure is dominated by the
equatorial anomaly which consists of two areas of high TEC with peak contents located near +15°
magnetic latitude. Figure 2 shows monthly PIM slab thicknesses and the observed data. In 1981, high flux,
there is relatively good agreement of the levels of TECs, especially around the time of diurnal maximum.

In 1983, moderate F10.7, and in 1986, low F10.7, PIM underestimates the TEC.This is particularly evident

at night when the maximum electron density decays faster than the total content.




TABLE 1
Some data on ionospheric and protonospheric contents ©

Np/N: %

PLACE YEAR MON LAT LON DA NIGH NT NP
Y T

Ootacamund 75 11 11 77 7
Sao Paulo 75 5 -24 314 052
Huancayo 77 -12 285 21 40 5_40 310
Palehua 77_78 21 202 12 50 5.90 2.6
Ahmedabad 76 8 23 74 6 64 550
Dallas 74 8,12 33 263 9 44 724 23
Tokyo 36 140 33
Boulder 74_75 40 255 10 40 525 14
Danvers 74_75 8,10 40 272 8 50 34 23
Ft Mon 74_75 40 286 15 40 514 13
Hamilton 74 75 43 289 12 40 2.3
Bozeman 74 8,12 46 249 10 40 422 1.3
Graz 75 11 47 15 27 38 717 23
Lannijon 75_76 49 356 18 65
Aberystwyth  75_76 52 356 19 40 18 32 35
Lindau 75 11 52 10 23 36 518 23
Lancaster 75_76 54 359 16 46 3134 3.6
Kiruna 75 11 62 20 19 80 1.2.2
AVG 15 45
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Radio propagation updating

In spite of some 50 years of denigration, the high frequency spectrum (3 Mhz to 30 Mhz ) continues to be
an invaluable asset both as a primary means of communication and as a backup in times of conflict. HF
radio is cost effective in natural and civil disaster situations and, frequently, has been the only means of
communications available. The efficiency and reliability of HF radio has been enhanced by the
development of such systems as the Automatic Link Establishment (ALE). With a scanning receiver and
assigned frequencies, ALE provides information on the optimum frequency, it establishes the link, and
notifies the operator. HF systems operate within nominal 3 kHz bands resulting in high spectrum efficiency
at low cost. However, for those operators who do not have access to systems such as ALE ionospheric
propagation advice is useful as, for example, warnings of impending: sudden ionospheric disturbances,

ionéspheric storms, and polar cap disturbances.

Because of the high spatial and temporal variability of the ionosphere, forecasts of high-frequency
propagation conditions some 24 h ahead are made by the USAF 50th Weather Squadron and distributed to
the civilian community via NOAA’s Space Environment Service Center in Boulder, CO. These qualitative
forecasts, which are updated every 6 h, are based on ionospheric soundings and on observations of
prevailing circuit behavior (e.g. see Davies 1990, Section 9.8) e.g. circuits from Europe to the United
States. The usable high-frequency band is limited on the upper frequency end by signal penetration
(insufficient electron density) while the lower frequency limit is set by ionospheric absorption, insufficient

signal/noise. These limits vary from day to day, with local time, and especially during ionospheric storms.

Recent development of the Parameterized Real-Time Ionospheric Specification Model (PRISM) (see
Anderson 1993) has introduced a new means of updating the forecasts. This model specifies ion (NO+,
0",, 0") and electron densities, globally from 90 km to 1600 km, and is designed to incorporate all near
real-time ground-based and satellite-borne ionospheric sensor data. PRISM has the capability of adjusting
PIM to any and all real-time ionospheric data that are available. These data include both bottom-side
profiles from digital sounders and in-situ sensors on the Defence Meteorological Satellite Program (DMSP)
satellites that are in 840 km orbits. PRISM not only produces ion and electron density profiles from 90 to
1600 km every 2° latitude from 90°N to 90°S and every 5° longitude over 24 h UT, but also specifies the
auroral oval boundary and the location and depth of the high latitude ionospheric trough. Together with
D.N. Anderson, K. Walker and J. Lapriore we have examined some possible ways for displaying the model
output for operational purposes. We started with the user friendly PROPMAN (short for Propagation
Resource Manager) obtained from D. Roesler of Rockwell, Cedar Rapids IA. The basic data base for
PROPMAN is IONCAP (e.g. Davies 1990, Chapter 12). The program calculates the optimum frequency

band (2 MHz wide) for communication between a given transmitter and receiver locations with specified
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transmitter power, antennas, etc. PROPMAN gives signal/noise on the optimum channel and on adjacent
channels. PROPMAN is a display program and provides a basis for more sophisticated displays using
outputs from PRISM.Additional outputs fom PROPMAN include advisories on:x-ray flares, polar cap
absorptions, and ionospheric storms. Numerous options are available such as a plot of the usable frequency
band for the coming 24 h, a comprehensive world-wide station list, a table of maximum usable frequencies
and lowest usable frequencies, circuit data, etc. A useful presentation of PRISM output, for a given
transmitter installation, would be contours of signal strength and signal/noise over the surrounding region.
PROPMAN gives time dispersion of the received signal for estimating the maximum usable information

transmission rate.

Tonospheric studies using the Global Positioning System

The era of Faraday content measurements using very high frequency radio signals from geostationary
satellites is essentially over owing to an international agreement to allocate this frequency band for aircraft-
to-ground communication. Now, however, a new era has commenced in which dual frequency
transmissions from the 24 GPS satellites can be used to measure the time delay and, hence, the total
electron content between satellite and ground (see Hofmann-Wellenhof et al. 1993). The 20200 km height
of the GPS satellites corresponds to a magnetic L-shell of approximately 3.2, which is slightly less than the
nominal value of L = 4 for the plasmapause above which the plasma density drops by about two orders of
magnitude. Thus GPS signals measure the total electron content (ionosphere + protonosphere). GPS -tecs
are available as by-products of geodetic measurements from networks such as the International GPS
Geodynamics Service (IGS) and/or other (e.g. meteorological) networks. This extensive coverage enables
construction of global and/or regional maps of TEC which are of value in near-real-time assessment of
ionospheric weather. Contour maps of GPS-TEC over Central Europe have been constructed using IGS
stations there and a sample set of hourly maps are shown in Figure 3. These data were obtained by fitting
suitable mathematical functions of latitude, longitude, time, and solar flux, to the total electron contents
(Jakowski and Jungstand 1994). The maps show changes in the structure of the TEC that can occur during
a single day. In particular notice, at 17 UT and 18 UT, there are large intrusions of plasma from regions of

high total content into regions of low electron content.

Comparison of Faraday electron contents for GOES2 to Boulder with GPS-TECs show good agreement
over several days and noon values are in good agreement with 5-day smoothing. Nighttime values do not
show particularly good agreement partly because the night values, particularly in winter, are comparable

with the accuracy of measurement (Davies and Hartmann 1996).

Future work in this area includes comparisons of GPS-TECs with total electron contents obtained from low

polar orbiting Navy Navigation Satellite System (NNSS) at approximately 1000 km and 90 min. orbits.




These satellites provide meridional profiles at approximately fixed time and these will be compared with
GPS-TECs. NNSS-TECs measured at Gibilmania, Italy; Aquila, Italy; Graz, Austria; and Lindau, Germany
are shown in Figure 4 as functions of geographic latitude. On this occassion there is excellent agreement

between the overlapping data so this will be compared with similar TECs obtained from GPS.

GPS and tropospheric water vapor

Rocken et al. (1993) have shown that the integrated tropospheric water vapor content can be calculated
using time delay data from a network of ground-based GPS stations, provided that additional accurate
surface meteorological measurements are évailable at the IGS sites. The precipitable water vapor (PWV) is
defined as the depth of water that would result when all the tropospheric water vapor in a vertical column
of the troposphere is condensed to liquid. Table 2 gives an idea of the relative magnitudes of the delays in:
the ionosphere (30 m), the dry troposphere (300 cm), and the wet troposphere (0 to 30 cm). Thus, a 10%
accuracy in the water vapor content requires the removal of 99.9% of the ionospheric time delay, which is

only possible by including high-order ray-path corrections (Brunner and Gu, 1991).

TABLE 2.

Relative delays in ionosphere, dry troposphere, and and wet troposphere

Ionosphere 30m
Dry troposphere 300 cm
Wet troposphere 0to30cm
For 10% accuracy of the wet part 3cm

Because of the possibility that there is a residual ionospheric contamination that can affect the water vapor
content, a small project has been started in which daily water vapor contents at Denver CO will be
compared with maximum electron densities over Boulder, at a distance of about 50 km. It will be
particularly interesting to see whether there are noticeable apparent water vapor changes on days of major
jonospheric TEC changes such as those that occur during ionospheric storms. Noon water vapor contents at
Denver in 1995, obtained from the University Navigation Consortium, UNAVCO, in Boulder are plotted in
Figure 5. This plot will be continued in the next few years when ionospheric contributions to the total delay

will increase as the sunspot numbers increase starting in 1997.
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Future Work

The following projects will be completed and the results published in the open literature:
(1) Protonospheric and ionospheric electron contents, observed and modeled.
(2) Maps of GPS and NNSS total electron contents over Central Europe.

(3) Effects of the ionosphere on tropospheric water vapor measured with GPS.
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Figure Titles

Figure 1 Global distribution of the total electron content of the ionosphere at 00 UT at the Vernal Equinox

at low (top), and at high (bottom) sunspot numbers, from the parameterized ionospheric model (PIM).

Figure 2 Monthly mean vertical slab thicknesses at Hamilton, MA in winter, equinox, and summer, for

low, medium, and high sunspot numbers: (1) observed, (2) from PIM.
Figure 3 Hourly maps of GPS total electron contents over Central Europe. TECs are in units of 10”el.m?

Figure 4 Variation with geographical latitude of the ionospheric total electron content measured at:

Gibilmania, Italy; Aquila, Italy; Graz, Austria; and Lindau, Germany, on February 21, 1995.

Figure 5 Scatter plot of the daily noon precipitable water vapor contents at Denver, CO obtained from GPS

radio delays.
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Figure 1 Global distribution of the total electron content of the jonosphere at 00 UT at the Vernal Equinox

at low (top), and at high (bottom) sunspot numbers, from the parameterized ionospheric model (PIM).
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Figure 4 Variation with geographical latitude of the ionospheric total electron content measured at:

Gibilmania, Italy; Aquila, Ita_.ly; Graz, Austria; and Lindau, Germany, on February 21, 1995.
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Judith Dayhoff

Dynamic Neural Networks: Predlggson of an Air Jet Flowfield
tract

A neural network with time-delay elements has been used to analyze and predict the
dynamic structure of an air jet flow. A jet flow of hot air was produééd in the labora-
tory, and measured at multiple downstream positions to determine the amount of optical
refraction produced at the interface between the hot air flow and the surrounding cooler
air ([MVF95] [MMC+95]. A series of measurements ‘were taken over time, at varying
distances from the jet flow. Using this data, we have trained neural networks to per-
form time-series analysis prediction on each data signal. The neural networks contained
time-delay elements on their input signal as well as time-delay elements on multiple inter-
connections between each pair of neurons in the network. The networks had a feed-forward
architecture, and were capable of training their weights and time- delays through a gradi-
ent descent approach. These networks, called time-delay neural networks (TDNNs) and
adaptive time-delay neural networks (ATNNs), have been previously shown to be able to
predict limit cycle oscillations and chaotic oscillations ([LDL94], [LDL95]). A network
was trained successfully on each data signal recorded. The average performance of the
neural networks was high, as they usually predicted 80 % to 93 % of the variation in the
signals. The data appeared irregular, with no discernable pattern by eye. Predictions
were performed on a one-step-ahead basis, and future studies are planned to expand this
work to a prediction of two to five steps ahead, and to the analysis of longer data signals.
Further research is underway to more fully develop and exploit the computational abilities

of dynamic neural networks.
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1 Introduction

Dynamic neural networks include architectures that imbue the network with properties
that are dynamic over time, such as the ability to model and predict time series that are
complex or chaotic, the ability to evoke oscillations in the network, and the capability of
training the network on oscillations, including complicated oscillations that do not appear
to repeat exactly over any observed length of time. Networks that are promising for
time series predictions include feed-forward architectures with time-delay elements, such
as the time-delay neural network (TDNN) and the adaptive time-delay neural net-work
(ATNN). These networks adapt weights and sometimes time-delays, and have proven
highly effective in being trained to produce limit cycle oscillations and chaotic time series
([LDL94], [LDL95]).

We have researched the possibility that neural networks can be used to predict optical
wave front distortions in a flow field, where dynamically changing air flows can distort
optical signals. The refraction of an optical signal changes dynamically over time because
of the continuous motion and turbulence in a warm air flow. Whereas individual points of
laser light are refracted by the air flow, which has been experimentally measured, entire
images would also be distorted. Our long-term goal is to be able to restore an optical
image at a high resolution, by compensating for the distortion in a timely fashion, utilizing
the neural network’s prediction. In this study, we are predicting refraction of an individual
laser light signal with a neural network, so that the neural network prediction can later
be used to compensate for the refraction and to stabilize and clarify the reception of the

light signal.
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An experiment was previously devised and implemented at the Phillips Laboratory to
measure the optical refraction of the boundary between a hot air flow and the surrounding
cooler air ((MMC*95]). Sensors were configured to detect the change in position of a laser
light after it passes through a warm jet air flow. The sensor consisted_gf a lateral effects
detector (LED), which is a dual-axis photodiode that can measure the centroid location of
an incident laser beam. The LED works similar to typical potodiodes in that it induces a
current proportion#l to the intensity of the beam. The_current is divided among four strip
terminals, where current is measured, and the position of the beam is then calculated.

With the LED sensors, data measurements were taken at varied distances and from
different orientations. Each data channel reports refraction over a series of time steps.
Measurements included data taken at different distances from the origin of the jet flow,
in x and y directions, and under varying conditions of forced flow, non-forced flow, and
background.

A neural network approach was applied to the air flow data. A time history of mea-
surements was used to train the neural network to predict the next measurement in the
sequence. A series of preliminary training runs were performed in which networks were
trained on the first 500 data points and tested on the next 1000 data points. A high
performance was attained, with the neural network predictions explaining about 90 % of
the variation. These results are highly promising and motivate further studies on neural
network prediction of air flow data.

The neural networks used for air flow prediction were feed-forward configurations
with three layers. Time-delay elements were included on both layers of weights, causing

inputs to the network to include a time history of data. In addition, time-delays on the
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hidden-to-output layer allowed the output layer to receive a time history of hidden unit
activations. Adaptive training was performed on the weights, and, in some cases, on the
time-delays as well. A new training run was done on each data signal. For each data
)

signal, the network coﬁﬁéhration was left the same but a different set of initial starting
weights was used. Training converged successfully in almost all cases where the data
was collected with forced or non-forced air. For background measurements, the neural
network often did not converge, as the measurements were extremely small. In a few
cases, background recordings were predicted by the neural network, presumably because
of ambient perturbations present in the air flow.

This report covers our methodology next in Section 2, describing the neural networks,
their architectures and training, as well as the experimental setup for collecting the data
that was analyzed. Results on the analysis and prediction of wave front distortions are

covered in Section 3, and conclusions are discussed in Section 4. Appendix A discusses a

related dynamic neural network architecture that was also studied.

2 Methodology

2.1 Wave Front Sensing

Figure 1 shows the heated air-jet flow generation system. A blower pumps air across a
heater and into a plenum chamber, which becomes a source for heated air to flow upwards
into a nozzle to form a jet of heated air from a 2.5-cm opening. The air-jet low then rises

vertically, and a laser beam is passed through the heated air as it moves upwards. The
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Figure 1: Air jet flow apparatus. Reprinted with permission.

sensor receives the laser light and measures the focal spot intensity on a plane, placed
perpendicular to the laser light beam. The velocity of the flow center is 4.5 m/s on
average, and the average temperature of the air in the jet is approximately 10 degrees C
above ambient.

The distance of the sensor above the nozzle can be varied, and a spectrum of data was
taken at different distances. Measurements were taken above the nozzle and perpendicular
to the air flow. These measurements were taken in the x and y directions in the plane
perpendicular to the air flow. The experimental conditions included (1) forced air flow,
(2) non-forced air flow, and (3) background. Thus, for each height above the nozzle, 6
data streams were taken, consisting of two different directions under each of the three air
flow conditions.

The sensor was a lateral effects detector (LED), which is comprised of a dual-axis
photodiode. The LED induces a current from which the centroid location of an incident
laser beam can be calculated. The current is proportional to the intensii;y of the beam,

and is divided among four strip terminals, where current is measured, so that the position
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of the beam can be calculated [Lun96].

2.2 Neural Networks with Embedded Time-Delays

%

The time-delay neural network (TDNN) originally proposed by Waibel.((Wai89], [WHH*89],

[HW92]) employs time-delays on connections and has been successfully applied to phoneme
recognition, classification of spatiotemporal patterns ([LDL92c]), and missile discrimina-
tion ([LDR95]. In the TDNN architecture, each neuron takes into account not only the
current information from its input neurons of the previous layer, but also a certain amount
of past information from those neurons due to delays on interconnections. Typically the
time delays are evenly spaced over a time interval called the frame window, although
arbitrary time delays may be used. Training is done with spatiotemporal patterns, one
or more signal channels over time, and the classification of those patterns is reported at
each time step by the output layer. After training, the weights are strengthened along
those interconnections whose time delays are important to recognition.

The adaptive time-delay neural network (ATNN), which adapts time delays as well
as weights during training, is a more advanced version of the TDNN. The result is a dy-
namic learning technique for spatiotemporal classification and for time series prediction
([LDL92a]). The ATNN model employs multiple interconnections between each pair of
neurons in a feed-forward configuration, with each interconnection having its own weight
and time-delay. Both time delays and weights are adjusted according to system dynamics
in an attempt to achieve the desired optimization. The adaptation of the delays and

weights are derived based on the gradient descent method to minimize the error during
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Figure 2: Delay block in a time-delay neural network.

training. Processing units do not receive data through a fixed time window, but gather
important information from various time delays which are adapted via the learning pro-
cedure.

The schematic architecture of the connections from one processing unit to another
processing unit of the ATNN is depicted in Figure 2. The configuration of multiple
interconnections between a single pair of units, each with its own delay, is called a delay
block. Node i of layer h—1 is connected to node j of the next layer A, with the connection
line £ having an independent time delay Tjix»—1 and synaptic weight wj p—1.

The entire network is constructed by the delay blocks that connect neurons layer by
layer, as illustrated in Figure 3. It is not necessary to have the same number of delays
for different units in the same layer or the same delay values from different units, because
the computation is local for each interconnection. Each connection can have an arbitrary
delay value and each pair of neurons can have any number of delayed interconnections.

In the TDNN, the adaptation variables are the weights, and in the ATNN, the adap-

tation variables are time-delays and weights. Each node sums up the net inputs from the
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Figure 3: Time-delay neural network depicted as built from delay blocks.

activation values of the previous neurons, through the corresponding time delays on each
connection line, that is, at time ¢, (e.g., time step n) unit j on layer h receives a weighted

sum

Sjn = TiXkWjik h—18i h—1(tn — Tjikh—1) (1)

where a; ,_1(t) is the activation of unit ¢ in layer A —1 at time ¢. Then the output of node

j is governed by a nondecreasing sigmoid function as follows
f8)=2/1-€7) -1 (2)

where S is the incoming sum, as in (1).
The adaptation of the delays and weights are derived based on the gradient descent

method to minimize the error function £ during training, where
E(t,) = 1/2(Z;(dj(ta) — a;(ta))?] (3)

where d;(t,) is the target value for output unit j at time ¢,.

The weights and time delays are updated step by step proportional to the opposite
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direction of the error gradient, repectively,
Awjixp = —mOE(tn) /6wjik b (4)

ATjirp = —TROE(ts) [ 0Tjin 1 (5)

where 7; and 7, are the learning rates.

The derivation of this algorithm has been previously addressed ([DD91], [DD93],

[LDL92b], [LDL92a]). The learning rules may be summarized as follows
Awiigpo1 = MOip(ta)@ipi(tn = Timpot) (6)

ATjig p—1 = _7725j,h(tn)'wjik,h—la;,h_1(tn — Tjikh—1) (7)

where
6in(tn) = (dj(tn) — ajn(ta)) f'(Sjn(ts)) if 7 is an output unit, and
255 40p h+1(tn)Wpjgh (tn) f' (Sjn(tn)) if 7 is a hidden unit.
Characterization and application of the ATNN network has been addressed previously

(ILDL95)).

2.3 Dynamic Neural Networks

Neural networks with time-delay elements can learn dynamic behavior by training to pro-
duce complex oscillations or limit cycles. Previous research has demonstrated training of
TDNN and ATNN networks on a chaotic sequence ([LDL94]) and on limit cycle attractors
([LDL95]). The type of air flow data analyzed in this report has previously been shown to

contain similar dynamic fluctuations ([MVF95]). Thus the TDNN and ATNN approach is
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highly promising. We have also examined an extension to this approach through research-
ing a single-layer recurrent network with random weights which can be altered to evoke
chaotic behavior spontaneously without training. Appendix A gives a brief summary of

this research.

3 Results

TDNN neural networks were trained on a series of recorded air jet flows. The config-
uration used was 1 input unit, 3 hidden units, and one output unit. There were two
Interconnections connecting each pair or neurons in a feed-forward direction. For each
pair, one interconnection had no time-delay (e.g., a time-delay of zero), and the other
interconnection had a time-delay of one time step. In our initial set of training runs,
reported here, the weights were trained and the time-delays were held fixed. The learning
rate parameter, 7, was started at 0.2, its highest value, and then relaxed linearly to take
on lower and lower values over 20,000 iterations of training. The final learning rate value
was 0.08. Training was terminated automatically after 20,000 iterations.

The data sets were prepared from more than fifty recordings of air jet flows, taken at
varying distances from the flow nozzle. Distances varied from 0.5 diameters to 8.0 nozzle
diameters. Conditions of air jet flow included forced air and non-forced air flow, and
background noise recordings. Angles at which optical distortion were taken included an
x-direction and a y-direction, both perpendicular to the flow of the air.

Each data recording constituted one time series to be learned and predicted by one

neural network. The neural network was initialized, by generating small random weights,
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before training began on each time series. The first 500 data measurements were used
as the training set, and the next 1000 measurements were a testing performance set.
A verification set was not needed to provide a stopping criterion for the neural network,
because the network training was terminated after 20,000 iterations autgmatically. Future
experiments are planned in which a verification set will be used for a stopping criterion,
to possibly boost performance. Training was quite successful nevertheless because the
relaxation of the n parameter effectively stopped tra.iging at relatively favorable times.
Table 1 summarizes the performance attained by the trained neural networks. The
performance reported is a computation that reflects the percent variation in the data that
is explained by network predictions. First a ratio is computed. The numerator of the ratio

is the root-mean-square of the network’s error compared to its target values, as follows.
R = /(1/n)Se(d(t) - a(te))? (8)

where d(t;) is the target value at time ¢z, and a(tx) is the output value at time #;. The
denominator of the ratio is the standard devation of the target values (e.g., the data
measurements).

S = /(1/n)Sk(d(te) — dmean)’ (9)
where dpeqn is the average target (measurement) value. The ratio is then R/S, and the
value F = 1— R/S reflects the fraction of variation in the data that the network explained
through its predictions.

Performance varied between 72% and 93% for forced and non-forced air experiments.

The background measurements were typically of much smaller magnitude compared with

the air flow experimental data. For most of the background trials, the neural network did
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1st 2nd 3rd
Dist x/y 500 500 500

93 79 91
92 87 87

Forced:
05 ble 75 76 .72
05 A% 88 88 88
20 X 92 93 92
20 v 87 86 85
30 be 90 88 92
30 v 89 88 89
35 X 92 78 81
35 v 90 91 86
40 bl 93 89 90
40 v 89 89 90
50 X 92 88 60
50 v 99 81 82
60 bid 92 86 93
60 v 89 88 87
70 bid 91 90 92
Y
x
b

Non-forced:

35 b'd 91 84 75
35 v 88 81 86
40 x 93 88 90
40 v 91 84 87
50 X 90 82 80
50 vy 87 84 78
60 X 93 66 85
60 v 85 85 86
70 bld 0 0 0
70 v 11 0 0
80 ble 94 79 86
80 v 92 83 76
Background:
35 X 0 0 0
35 v 0 0 0
40 bls 0 0 0
40 v 40 43 46
50 X 93 94 92
50 v 0 0 0
60 X 95 94 94
60 v 48 41 30
70 X 0 0 0
70 Yy 30 14 41
80 x 79 81 82
80 24 19 15 98

Table 1: Performances of trained neural networks.
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Network Prediction

(b)

Figure 4: Optical distortion due to hot air flow, forced air measured at 8.0 diameters from
nozzle. (a) Measurements. (b) Prediction by trained neural network. 1500 data points in
each graph. Orientation: x direction.

not converge to be able to predict the noise. However, the background tends to oscillate
irregularly, and in some cases the neural network converged to a prediction of a substantial
portion of the measurement variations.

Figure 4 shows results for forced air flow measurements taken at 8.0 diameters from the
flow nozzle. Figure 4 (a) shows the first 1500 measurements takén, from the x direction
orientation, and Figure 4(b) shows the predictions for those measurements provided by

the trained neural network. The first 500 of the time steps shown were the training set,
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Figure 5: Optical distortion due to hot air flow, forced air measured at 8.0 diameters from
nozzle. (a) Measurements. (b) Prediction by trained neural network. 1500 data points in
each graph. Orientation: y direction.

and the remainder were the performance testing set. The prediction follows the data
extremely well, with the exception that at some of the peaks the prediction does not
reach the magniture of the data. Figure 5 is analogous but for the y direction orientation.

Figure 6 shows results for non-forced air low measurements taken at 8.0 diameters
from the flow nozzle. Figure 6 (a) shows the first 1500 measurements taken, from the
x direction orientation, and Figure 6(b) shows the predictions for those measurements

provided by the trained neural network. The first 500 of the time steps shown were the
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Netwark Predicion

(b)

Figure 6: Optical distortion due to hot air flow, non-forced air measured at 8.0 diameters
from nozzle. (a) Measurements. (b) Prediction by trained neural network. 1500 data

points in each graph. Orientation: x direction.

training set, and the remainder were the performance testing set. The prediction follows
the data extremely well, with the exception that at some of the peaks the prediction

does not reach the magniture of the data. Figure 7 is analogous but for the y direction

orientation.

10-16




Nad.
K, -
pC & & 85,1 T

.

P20y
.“oq'»ou
we Y .
¢ o 4
“\u 0:
|
"‘ﬁ"‘.") oA
o&
S

*
se e

" Measurement
i

“~hA

coe
X "““.:o’ooola

.
.
.
15 ¢}
¢
2 " b
o 200 400 &0 800 1000 1200 1400
Time Step

°

Neotwork Predkcton

.!.' "
oo,

.

-2
N "

(b)

Figure 7: Optical distortion due to hot air flow, non-forced air measured at 8.0 diameters
from nozzle. (a) Measurements. (b) Prediction by trained neural network. 1500 data
points in each graph. Orientation: y direction.

4 Conclusions

A set of preliminary runs were performed on neural network modeling of turbulent air
flow phenomena. Neural networks with time-delay elements were successfully trained to
predict the amount of optical distortion caused by the flow of warm air out of a nozzle, in
an environment where the air is cooler. The ;thical distortion was caused by the changing
optical refraction of the boundary between the warm and cooler air.

Future research could address remaining computational issues following the results
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shown here. Further training experiments on neural networks are motivated, to extend
this work. Extensions include the following considerations: (1) prediction of longer peri-
ods of time of air flow distortions, (2) prediction of more than one time-step ahead (3)
benchmarking of data with simpler, non-neural network prediction m_g_thods, (4) sparse
sampling of data for predictions of more than one step ahead, (5) testing of performance
for alternative stopping criteria on training the networks, (6) alternative error-training
methods, and (7) specific timing considerations for bu?lding a correction device based on
the neural network predictions. These are important steps towards the final goal of using
neural network predictions to correct optical distortions due to dynamically changing air

flow patterns.

5 Appendix A: A Dynamic Neural Network

We have researched the problem of how to utilize the attractors in a dynamic neural
network to perform pattern recognition and classification ([PD95]). A random network
is constructed with sparse interconnections in a single layer of neurons. A multiplier g
can be applied to all of the weights at the same time and, when g is increased, chaotic
behavior occurs. An external pattern is then applied to the network as a fixed bias, and
a pattern-to-oscillation map can be constructed.

The neural units are simple biologically-inspired nodes, performing a weighted sum
followed by a nonlinear squashing function f.

a;(t + 1) = f(EX,gwjia:(t)) + ae; (10)

where g in (10) is the multiplier for all weights in the network, and the weights are
randomly assigned with variation 1/k where k is the number of randomly selected inputs
to each node. E is the fixed external pattern applied as a bias to the network, and o;
is the strength with which the external pattern is applied. This network has previously
been studied and theoretically considered ([DCQS93], [DCQS95], [QDS95], [CDQS94],
[SCS88)). :

The P.I. has developed a method for evoking a pattern-to-oscillation map for this net-
work, where the oscillations are constricted to be either a finite-state (n-state) oscillation
or a limit cycle. First, a network with no external pattern (E=0) is applied, and g is
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increased to produce chaotic behavior. Then an external pattern E is applied. Transients
are passed by iterating the network through (8) and (9) above. If the evoked attractor
satisfies the oscillation criterion, then the evoked oscillation is the result of the pattern-
to-oscillation map for pattern E. If the evoked attractor is too chaotic, then the strength
alpha must be increased for pattern E. If the evoked attractor is a fixed point, then the
strength alpha must be decreased to produce more complex dynamics. Through an algo-
rithm for making successive adjustments to alpha, the pattern-to-oscillation map can be
constructed uniquely for all patterns, given the initial chaotic network. This algorithm
has been proposed by the P.I. and constitutes an advance in the development of new
dynamic neural networks.

References

[CDQS94] B. Cessac, B. Doyon, M. Quoy, and M. Samuelides. Mean-field equations,
bifurcation map and chaos in discrete time neural networks. Physica D, 74:24-
44, 1994.

[DCQS93] B. Doyon, B. Cessac, M. Quoy, and M. Samuelides. Control of the transition
of chaos in neural networks with random connectivity. Internation Journal
Bifurcation and Chaos, 3(2):279-291, 1993.

[DCQSY5] B. Doyon, B. Cessac, M. Quoy, and M. Samuelides. Mean-field equations,
bifurcation map and chaos in discrete time, continuous state, random neural
networks. Acta Biotheoretica, 43:169-175, 1995.

[DD91] S. P. Day and M. Davenport. Continuous-time temporal back-propagation
with adaptive time delays. Neuroprose archive, Ohio State University.
Accessible on Internet via anonymous ftp on archive.cis.ohio-state.edu, in
pub/neuroprose/day.tempora.ps August, 1991., 1991.

[DD93] S. P. Day and M. R. Davenport. Continuous-time temporal back-propagation
with adaptive time delays. IEEE Trans. on Neural Networks, 4(2):348-354,
March 1993.

[HW92]  P. Haffner and A. Waibel. Multi-state time delay neural networks for contin-
uous speech recognition. In S. J. Hanson J. E. Moody and R. P. Lippmann,
editors, Advances in Neural Information Processing Systems, volume 4, pages
135-142, Denver 1992, 1992. Morgan Kaufmann, San Mateo.

[LDL92a] D.-T. Lin, J. E. Dayhoff, and P. A. Ligomenides. Adaptive time-delay neural
network for temporal correlation and prediction. In Intelligent Robots and
Computer Vision XI: Biological, Neural Net, and 3-D Methods, Proc. SPIE,
volume 1826, pages 170-181, Boston, November, 1992.

[LDL92b] D.-T. Lin, J. E. Dayhoff, and P. A. Ligomenides. A learning algorithm for
adaptive time-delays in a temporal neural network. Technical Report SRC-

10-19




[LDL92c]

[LDL4]

[LDL95]

[LDRY5]

[Lun96]

[MMC+95]

[MVF95]

[PD95]

[QDS95]

~ [SCS88]
[Wai89)]

[WHH™89]

TR-92-59, Systems Research Center, University of Maryland, College Park,
Md 20742, May 15 1992.

D.-T. Lin, J. E. Dayhoff, and P. A. Ligomenides. Trajectory recognition with
a time-delay neural network. In International Joint Conference on Neural
Networks, volume 3, pages 197-202, Baltimore, 1992. IEEE, New York.

D.-T. Lin, J. E. Dayhoff, and Panos A. Ligomenides. Prediction of chaotic
time series and resolution of embedding dynamics with the ATNN. In World
Congress on Neural Networks, volume 2, pages 231-236, San Diego, CA, 1994.
INNS Press, New York.

D.-T. Lin, J. E. Dayhoff, and Panos A. Ligomenides. Trajectory production
with the adaptive time-delay neural network. nn, 8(3):447-461, 1995.

D.-T. Lin, J. E. Dayhoff, and C. L. Resch. Target discrimination with neural
networks. Technical Report ISR-TR-95-54, Institute for Systems Research,
University of Maryland, College Park, MD 20742, 1995.

T. G. Luna. Linear stochastic estimation of optical beam deflection through
a heated round turbulent jet. Master’s thesis, University of New Mexico,
Department of Mechanical Engineering, Albuquerque, NM, 1996.

L. McMackin, B. Masson, N. Clark, K. Bishop, R. Pierson, and E. Chen.
Hartmann wave front sensor studies of dynamic organized structure in flow-
fields. AIAA Journal (American Institute of Aeronautics and Astronautics),
33(11):2158-2164, 1995.

L. McMackin, D. G. Voetz, and J. S. Fender. Chaotic attractors in the tran-
sition region of an air-jet flow. ., 1995.

P. J. Palmadesso and J. E. Dayhoff. Attractor locking in a chaotic network:
stimulus patterns evoke limit cycles. Proceedings of World Congress on Neural
Networks (WCNN), 1:254-257, 1995.

M. Quoy, B. Doyon, and M. Samuelides. Dimension reduction by learning
in a discrete time chaotic neural network. Proceedings of World Congress on
Neural Networks (WCNN), 1:300-303, 1995.

H. Sompolinsky, A. Crisanti, and H. J. Sommers. Chaos in random neural
networks. Phys. Rev. Let., 61(3):259-262, 1988.

A. Waibel. Modular construction of time-delay neural networks for speech
recognition. Neural Computation, 1:39-46, 1989.

A. Waibel, T. Hanazawa, G. Hinton, K. Shikano, and K. Lang. Phoneme
recognition using time-delay neural networks. IEEE Trans. on Acoust.,
Speech, Signal Processing, 37(3):328-339, 1989.

10-20




Analysis of Complex Cavities Using
The Finite Difference Time Domain Method

Ronald R. DeLyser
Assistant Professor of Electrical Engineering

Department of Enginecring

University of Denver
2390 S. York Street
Denver, CO 80208-0177

Final Report for:
Summer Faculty Research Program
Phillips Laboratory

Sponsored by:

Air Force Office of Scientific Research
Bolling Air Force Base, Washington, D.C.
And
Phillips Laboratory, WSA
Kirtland AFB, NM.

September, 1996

11-1
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The Finite Difference Time Domain Method
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Assistant Professor of Electrical Engineering
Department of Engineering
University of Denver

Abstract

The Finite Difference Time Domain method has been used to analyze a Celestron 8 telescope and a satellite sensor.
The specific program used, TEMAC3D (Temporal ElectroMagnetic Analysis Code), was written by Jobn H. Beggs
of Mississippi State University. TEMAC3D along with its graphical user interface, XTEAR (X-window Temporal
Electromagnetic Analysis and Response), was ported to an IBM RS6000 at the University of Denver. Other
supporting software, TSAR (Temporal Scattering And Response) from Lawrence Livermore National Laboratory
and BRL-CAD, a computer aided design package from Ballistic Research Laboratory resided on SUN Workstations
at the Satellite Assessment Center at Phillips Laboratory, Kirtland AFB, NM. BRL-CAD and TSAR are currently
in the process of being ported to the IBM RS6000.

The Celestron-8 telescope was modeled as an antenna and as a scatterer. TEMAC3D results for the antenna model
(aperture field and radiation plots) compare favorably to previous studies ([2] and [3]) using the Finite Element
Method. Another sensor was modeled and time domain response at specific locations within the sensor were
determined. The time domain information was Fast Fourier Transformed to the frequency domain to determine
frequency response of the seasor. Due to a problem with possible instability of TEMACS3D for this model, future
studies will investigate using a larger number of pad cells and adding a realistic finite conductivity to the
Germanium lens and filters. The inverse problem (the radiation problem) will then by done to determine sensitive

angles of incidence.
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Introduction
The analysis of the Celestron-8 Telescope began on February 1, 1995, and was funded by AFOSR contract F49620-

C-0063. The objective of this contract was to perform numerical analysis on this telescope (Figure 1). Analysis
continued using the Method of Moments (MoM) and the Finite Element Method (FEM) for rest of 1995 and the
first quarter of 1996. The programs used for these analyses were CARLOS-3D [1] (MoM) and the High Frequency
Structure Simulator (HFSS), a commercially available FEM program from Hewlett Packard. Results of these
analyses are reported in [2], [3] and [4].

Figure 1. Celestron-8 telescope.

The fundamental quantity that was to be calculated using CARLOS-3D was quality factor of the cavity. The
equation that was used was the classic one given by [5][6]

U
=) — 1
Q=03 )

where @ is the angular frequency, U is the total energy in the cavity and P is the power exiting the cavity.
Problems with near field calculations in CARLOS-3D which were needed for calculation of U and P were
discovered and reported in {2] and [4]. HFSS was then explored as a possible alternative. Since scattering
problems could not be done with HFSS, the problem solved with this software was the inverse of the scattering
problem, the radiation (antenna) problem. The cavity was excited from an internal port and the port scattering
parameter and antenna radiation properties were studied. Problems with HFSS included memory and disk space
requirements, and asymmetrical mesh generation which produced asymmetric radiation patterns in planes where
they should be symmetrical. These problems are reported in [2] and [3]. The inherent problems with CARLOS-
3D and the computational expense of HFSS suggested that yet another method may be more suited to our studies.
We decided to explore the Finite Difference Time Domain (FDTD) method.
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Temporal ElectroMagnetic is Code C3D) and Supporting Codes'

TEMAC3D [7] is a FDTD code developed by John H. Beggs of Mississippi State University for use in modeling
High Power Microwave antennas, ulta-wideband antennas and for electromagnetic coupling calculations. Itisa
FORTRAN code which is based on the three dimensional implementation of the FDTD method [8] and has the
following capabilities: (1) treatment of perfectly conducting, lossy dielectric, and lossy magnetic materials; (2)
second order Liao outer radiation boundary condition; (3) transient near to far field transformation capability to
obtain scattered far fields at multiple scattering angles; (4) band limited, Gaussian, hyperbolic secant, unit step,
hyperbolic cosine unit step and ramped sinusoid incident pulses with arbitrary incidence directions and
polarization. (5) Custom pulse or raw time-domain data excitation. (6) Plane wave or point source incident
excitation; (7) near field sampling capability anywhere within the computational domain; (8) diagnostic output
files; (9) standardized input deck for reading simulation variables; (10) field sampling is specified by character
strings; (11) benchmark problems; (12) C-preprocessor capability; and (13) steady state antenna calculations,
including a steady state near to far field transformation.

A suite of peripheral software is needed to generate solid models, generate the Finite Difference (FD) mesh, view
the mesh for consistency, generate the problem name list and header files, and view the results of the analysis. The
solid model geometry file is generated by BRL-CAD version 4.4 which is available from Ballistics Research
Laboratory, Aberdeen proving Ground, MD. This file is then used as input to ANASTASIA, a component of
TSAR, Temporal Scattering And Response, from Lawrence Livermore National Laboratory, CA. ANASTASIA
generates a mesh given the number of “pad” cells? and the size of the cell. IMAGE (another component of TSAR)
is used to view the mesh (a few examples will be given below) to be sure that you really get what you intended.
This mesh file is then an input for XTEAR (X-window Temporal Electromagnetic Analysis and Response) [7]
which is a graphical user interface designed for input of all relevant parameters for the FDTD simulations using
TEMAC3D. (Again, specific examples are given below.) Since XTEAR was written using the scripting language
TCL/TK, these software packages (version 7.3 of TCL and version 3.6 of TK) also have to be installed on the
computer used to run XTEAR. Finally, software is needed to view output fields as a function of time, frequency
and/or position, generate far-field scattering and/or radiation plots, and do Fast Fourier Transforms (FFT).
FORTRAN programs were provided by John Beggs for far zone processing and radiation plots. Iused Mathcad
6.0 [9] for doing the FFTs, and spatial, temporal and frequency dependent field visualization, and DeltaGraph Pro
3.5 [10] for radiation plots.

! I will not go into details of the FDTD method or choices made for meshes, excitation or post processing. Fora

detailed discussion of these issues, sce [8].
2 pad cells occupy the space between the outermost model cells and the outermost cells of the problem space which

implement the absorbing boundary conditions.
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The computer where we installed and ran TCL/TK, TEMAC3D and XTEAR? is at the University of Denver (DU)
and is an IBM RS6000 model 570 Powerstation with 512 MBytes of RAM and a 6.5 GBytes of disk space. This
was also the machine that was used for the HFSS and CARLOS-3D analyses so that comparisons of the FDTD
method with the FEM method can be readily made®. I was unable to install BRL-CAD at DU (contrary to the BRL
literature, the IBM is not supported) and therefore, could not install TSAR (BRL-CAD is necessary for TSAR.) I
therefore used BRL-CAD, ANASTASIA and IMAGE on a SUN Workstation at the Satellite Assessment Center at
Phillips Lab. Mesh files generated at Phillips Lab were then sent to DU for processing by XTEAR and numerical
analysis by TEMAC3D. BRL personnel are currently worldng'on porting BRL-CAD to an IBM RS6000 at Phillips
Lab.

The Model for the Celestron 8 Telescope

Figure 2 shows an FDTD mesh for the Celestron-8 modeled as an antenna and a detail showing the change for the
Celestron-8 modeled as a scatterer. (See [2] for further details on this telescope and our earlier study.) The mesh
shown is only for the material that is not free space and includes a probe at center height that simulates one of the

Figure 2. The FDTD mesh for the Celestron 8 telescope modeled as an antenna.

3 These installations were not straight forward. Information on porting this software to the IBM RS6000 is
available from the author or from Capt. Tim Fromm, PL/WSTS, Kirtland AFB, NM 87117-5776.

4 Comparisons with CARLOS-3D are not made because time spent investigating problems with the code {2]
limited ourusetnﬁequencids only up to 2 GHz.
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tests reported in [2] and [3). The other mesh does not have a probe and simulates tests for the scattering problem.
The extent of the problem space is a rectangular parallelepiped completely enclosing the model plus at 5 pad cells
in each direction. The radii of curvature for the primary (lower) and secondary (center in the upper plane) mirrors
are not simulated since the resulting mesh will not resolve this. This particular model has cubic cells measuring 2
mm on a side. The problem space is 130 x 130 x 178 cells. An estimate of the RAM needed to accommodate this
problem is30 times the number of cells plus 10 % overhead. This comes to approximately 99 MBytes of RAM.
The cells should be no larger than 1/10 of a wavelength so that in the dielectric (dielectric constant of 3.4) window
(upper plane) which corresponds to a frequency of ~ 8.1 GHz. Another model was generated with cell sides of
1.15 mm and is expected to take ~ 500 MBytes of RAM. That model will be good for frequencies up to ~ 25 GHz.
The HFSS model, which used all of the computational resources, had a high frequency limit of 5 GHz.

The Mode! for the Sensor

I was also tasked to analyze a sensor from a satellite of which a drawing of the cross-section is shown in Figure 3.
A solid model from measurements of this drawing was made. Various views and dimensions are shown in Figures
4 - 6. The detail of these drawings cannot be captured with a reasonably sized mesh® so some further
simplifications were made: (1) Rounded corners have been squared. This makes drawing the model with
BRLCAD a reasonable task. The meshing process will do this in the long run anyway. (2) The short, narrow gap
between the central cavity region and the lower cavity regions remains. This is because some energy may propagate
through this gap due to its shortness. (3) The long narrow gap between the lower cavity regions has been closed. I
view this gap as a waveguide below cutoff and little if no energy will propagate through it due to its length. (4)
Short, narrow gaps in the cavity areas are filled with metal. These areas add little volume to the cavity and are so

narrow as to prevent energy propagation.

The layered area in the center of the drawing has been modified to show details of the filter area (the top most
layer) which is composed of a metal frame and accompanying filters and detectors (Figures 7 - 9). Below the
filters is an air gap. Below that is a layer of Mylar upon which the detectors (bismuth/tellurium thermopiles -
Figure 8) are mounted. Since the resolution of the mesh will be 1 mm and the filter, air gap and Mylar lie in
slanted regions, I decided to make the Mylar and air regions 1.5 mm thick, and the filter region 2 mm thick. This
will prevent the regions from touching each other during the meshing process. The center cross-section of the mesh
is shown in Figure 10. A close-up of the sensor area is shown if Figure 11. Note that the large metal areas below
the sensor are hollowed out. This ultimately results in 2 much smaller mesh file since the background is free space

5 The lens and filters are made of Germanium with a dielectric constant of 14. A 1 mm mesh size then will be
good for frequencies up to ~ 8 GHz and require ~ 180 MBytes of RAM. A model with a .7 mm mesh size will be
good to ~ 11.5 GHz and take ~500 MBytes of RAM.
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and that does not get specified in the file. The model that I ran with TEMAC3D had this area filled in which may

be computationally more efficient since the program sets the total fields to 0 in a perfect conductor.
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Figure 3. The cross-section drawing of the sensor.
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Figure 4. Dimensioned drawing of the sensor.

Figure 5. Dimensioned drawing of the sensor. (The lens radii were later determined to be 163 mm and 96 mm.)
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Figure 6. Dimensioned drawing of the sensor.

Figure 7. Octagonal filter frame.
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Results for the Celestron-8

A ramped sine wave of appropriate frequency was used for the probe excited Celestron-8 model. It was ramped to
steady state over a time period of 5 cycles. The simulations were run for 2048 time steps at 3.85 psec time
intervals. I used a “slice sensor” in the aperture to output the total electric fields in that plane. The aperture fields
for the 1.395 GHz and 1.82 GHz resonances (these frequencies were chosen based on measured data reported in
[3]) are shown in Figures 12 and 13. Qualitatively, the plots compare well with the FEM analysis on a comparably
sized open cylinder using HFSS [3]. However, for this analysis, the fields are much stronger on the side of the
aperture where the probe is located. The excitation of the probe in the FDTD analysis is different from that for the
FEM analysis using HFSS. In the FDTD analysis, an electric field excitation along the x-axis in the cell between
the probe and the side of the cylinder is specified. In the FEM model, the excitation is modeled as the center
conductor of a coaxial cable. As such, the direction of the electric field is in the plane of the cylinder. Another

FDTD model without the probe but with the same excitation yielded similar field patterns with lower magnitudes.

Figure 12. Celestron-8 aperture fields at 1.395 GHz. Figure 13. Celestron-8 aperture fields at 1.82 GHz.

Radiation plots for these two frequencies are shown in Figures 14 and 15. Care must be taken when comparing
these results with those in [3]. The radiation plots in [3], in addition to being for an open cylinder are for the
Amagnitude of the electric fields versus angle, while these results are for antenna gain versus angle for the two
different polarization. The radiation plots for the HFSS results are also not to be trusted because of the fact that
they are not symmetric in the ¢=90°, 270° plane (the plane perpendicular to the probe plane). This problem is due
to the non-uniform adaptive meshing scheme used in HFSS. Notice that we do have symmetry in this plane (the yz
plane) for the FDTD analysis. Obviously, we have a symmetrical mesh in the FDTD model.
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Figure 15. Celestron-8 radiation plots at 1.82 GHz.

The excitation for the scattering problem was an x-polarized plane wave incident on the top (see Figure 2) of the
telescope. The time domain excitation is a Gaussian pulse with a rise time of 85.88 psec, a half-power pulse width
| of 84.78 psec, a truncation pulse width of 582.0 psec and a time step of 3.849 psec. This gives an 100 dB
frequency limit of 15 GHz. The frequency response for this pulse is shown in Figure 16.
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Figure 16. Frequency domain plot of the plane wave excitation for the Celestron-8.

Field point sensors were placed in the lower extension to the small cylinder 25 mm from the lower, closed end.
These “field sensors™ allow for the output of a number of quantities of interest. Sensors were also placed at the
location where the probe excited modes had its pbint source excitation. Figures 17, 18 and 19 show time and
frequency domain plots of the x component of the electric fields at these two locations. The time domain plots
show the characteristic exponential decay of the fields in a resonant cavity. Figure 17 clearly shows the high
frequency content of the sigxial in the eye piece location versus the lower frequency content (Figure 18) of the probe
location in the large cylinder region of the telescope. Of course this also shows up in the frequency response plot
of Figure 20 where smaller cylinder cutoff frequency is indicated by the sharp rise in gain at ~ 4.3 GHz. Itis clear
that the large cylindrical region of the telescope behaves like a large circular waveguide (cutoff is at ~ 750 MHz)
which has a lower cutoff frequency than the smaller diameter waveguide region leading to the eye piece.

Figure 20 shows the results of tests [S] where the telescope was excited by a transmitting antenna placed 40.0
inches in front of the aperture. A small horn antenna was mounted at the bottom of the smaller inner cylinder
where the eyp piece is normally attached. Unfortunately, the location of the transmitting antenna was too close for
true plane wave excitation, but the general trend of an increasing gain which levels out above ~ 7 GHz for the
testing is compared with the same trend leveling out at ~ 9 GHz for the numerical analysis. Also recall that the
grid for this model is only strictly accurate to ~ 8.1 GHz. Results for frequencies above 10 GHz should not be
trusted. Investigations are planned for a higher frequency model.
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Figure 17. Electric field (x component) at the eye piece location of the Celstron-8.
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Figure 18. Electric field (x component) at the probe location of the Celstron-8.
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Figure 19. Frequency response of the plane wave excitation of the Celestron-8 model.
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Results for the Sensor -

The sensor model was illuminated from the top (see Figure 10) with a y-polarized plane wave. The time domain
excitation is a Gaussian pulse with rise time of 70.3 psec, half-power pulse width of 69.4 psec, truncation pulse
width of 476.5 psec and a time step of 1.924 psec. This gives an 80 dB frequency limit of 16.4 GHz. The
frequency response for this pulse is shown in Figure 21. Field point sensors were put in the air region between one
of the filters and the Mylar substrate. For these sensors, I elected to output the total electric fields in the x, y and z
directions. From this information, I calculated the field tangential to the Mylar layer.
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Figure 21. Frequency domain plot of the plane wave excitation for the sensor model.

An initial run with 1024 time steps took ~ 5 hours and showed substantial ringing of the fields. This is to be
expected. Because of the high dielectric constant of the lens (14), the cavity will not have as low a low Q as that of
the Celestron-8. A longer run of 32,768 time steps (~ 155 hours) yielded a time history for the tangential field
shown in Figure 22. The FFT was taken of the entire history and is shown in Figure 23. The fact the time domain
signal indicates that the energy is still building up in the cavity was a source of concern. The magnitude of the time
domain response of the order of 107 V/m indicates that there is a problem with this simulation. It is clear that,
from an energy standpoint, this is not physically realizable. Discussions with colleagues lead to some possible
causes that will have to be investigated in follow-on studies: (1) There may not be enough pad cells; I have used 5

in this simulation. Increasing the amount to 10 may fix the problem. (2) The conductivity of the Germanium
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material has been ignored. A resistively of 40 ohm-cm will be used in an improved model. Again, this loss may
improve stability. (3) We feel that this problem is strictly with this model because of the similar simulation which
was done on the Celstron-8 reported above. The dielectric window in this telescope is Plexiglass with a dielectric
constant of 3.4. This resulted in a reduced Q of the cavity, which contributed to the stability of the simulation.
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Figure 22. Time domain response for the short pulée - 32,768 time steps.
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Figure 23. Frequency domain response for the short pulse - 32,768 time steps.
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Conclusions and further areas for study
CARLOS-3D is an efficient code for radar cross-section, however it cannot be used to calculate fields inside a

cavity [2, 4]. HFSS is an efficient code for calculating fields inside a cavity but has problems with mesh generation
which produces suspicious far-field radiation results. It also cannot be used for scattering problems. In general,
other MoM and FEM codes suffer from the same limitations. The preliminary results reported here show that
TEMAC3D (assuming that the instability problem can be fixed) is an effective tool for analysis of complex
cavities. It can be used to treat a cavity as a scatterer in order to find frequency response of a particular field
location inside the cavity. Once frequencies of interest are identified, TEMAC3D can be used to analyze the cavity
as a radiator (antenna with a specified point source internal to the cavity) in order to find angles of incidence that

are particularly sensitive. Once these are found, the frequency response can be repeated at these angles.

Future work should continue on the Celestron-8 telescope and the sensor using TEMAC3D with plane wave
excitation using a narrower pulse, producing a wider frequency response, and using meshes with smaller cells and
possibly more pad cells. Models that will require ~500 MBytes of RAM have been generated which will be good to
~25 GHz for the Celestron-8 and ~ 11.5 GHz for the sensor. The process of generating a frequency response ata
point of interest inside the cavities, followed by radiation models at the most sensitive frequencies, followed by
frequency response models at the sensitive angles should be pursued. Where possible, this information should be
used to define test parameters for future experiments on the sensor and in the case of the Celestron-8 to compare to

test data already generated.

Some improvements to TEMAC3D could be made: (1) Implementation of perfect magnetic and perfect electric
boundaries would allow the user to specify ground planes or apply symmetry to problems, thus reducing
computational requirements. (2) The capability of saving all information periodically would allow the user to
restart the problem from the last saved time step. This would be valuable in the case of cavity problems where the
problem has not been run long enough for the fields to “ring down” or for the case of a power outage or machine
lock-up. (3) Adapting the program for parallel processing would speed up the simulation significantly.
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Abstract

Forecasting the probability of contrail formation has been a long-standing problem for the United
States Air Force. The theory applicable to contrail formation continues to develop as more
observations become available. A critical factor in contrail formation is the ratio of water to heat
in the exhaust from aircraft engines. Inthe 1950’s, as the first formal theoretical descriptions of
contrail formation by gas turbine-powered aircraft were developed by Air Force meteorologists,
this ratio was taken to be determined solely by the properties of the fuel. Reasonable results
were obtained when applying this theory to forecast where contrail formation would be expected.
In recent years, as more efficient medium- and high-bypass engines have been added to the Air
Force inventory, it is apparent that the ratio of water to heat in the engine exhaust plume, at the
point in the plume where contrails initially condense depends on other factors. These include
non-steady state engine settings, variations in fuel properties, extraction of accessory bleed air,
bypass ratio, and propulsion efficiency. Variations in contrail factor of up to ~50% from a standard
fuel-derived value are possible, leading to changes in contrail onset temperature of up to 5°C for

a given environment in which onset temperatures are near -50°C.
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1. Contrail Formation

Condensation trails form behind aircraft when they fly in sufficiently cold and humid air. This is an
example of a cloud formed by isobaric mixing of warmer air that, while not saturated, contains a
relatively high mixing ratio of water vapor, with colder air that also is not saturated and contains a
relatively low mixing ratio of water vapor. Under suitable conditions it is possible for saturation to
be reached in some mixtures of these two types of air. The process of cloud formation by mixing
has been understood at least since the beginning of modern meteorology in this century and is
described in detail in many of the classic modern texts (e.g. Geddes, 1921; Petterssen, 1956;
Haltiner and Martin, 1957; Iribarne and Godson, 1981).

Here the process of contrail formation is illustrated with a standard mixing diagram as shown in
Figure 1. Isobaric mixing at 300 mb ambient total pressure between air characterized by mixing
ratio and temperature represented on the diagram by Point A, with air represented by Point B, will
produce mixtures whose mixing ratio and temperature lie along a straight line connecting the two
points. This line will be called the mixing line. Mixtures that are mostly A will lie near A on the
diagram. Mixtures that are mostly B will lie near B. If the axes’ scales on the diagram are linear,
then the distance from the end points is inversely proportional to the proportion of that type of air

in the mixture.

Taking this diagram to represent mixing between the exhaust plume trailing behind an aircraft
engine and its environment, the core of the plume WI|| |n|t|aI|y be pure A the environment will be
pure B, and the fringe of the plume will contain a range of mlxtures representmg by all pomts in
between. As time goes on, mixing will continue. Eventually the plume will be mflmtely dlluted by

mixing with ambient air, and all parcels will have properties depicted by A..

The saturation mixing ratio relative to a plane surface of liquid water is indicated by the curved
solid fine. If the mixing line crosses above the saturation line for some mixtures, and suitable
condensation nuclei are present (there is an ample supply of them in aircraft engine exhaust),
then liquid water droplets will nucleate in these mixtures and they will become cloudy. Thisis
illustrated in Figure 2, showing the same mixing process diagrammed in Figure 1, but looking in

detail at the range of temperatures over which saturation occurs.
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Contrail Formation Chart
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Figure 1: Short-dashed line represents the properties of mixtures of air between source A
(temperature = 222 K, water vapor mixing ratio = 0.04 g/kg) and source B (temperature = 973.15
K, water vapor mixing ratio = 22.6 g/kg). Solid line represents saturation mixing ratio with respect
to liquid water, and long-dashed line represents saturation mixing ratio with respect to ice, with
the saturation curves plotted only for temperature less than 273.15 K.

The slope of the mixing line for contrail formation is determined by the ratio of water vapor to heat
produced by fuel combustion in the engine. This water and heat are mixed into the air flowing
through the engine. In some installations some of the heat may not exit into the exhaust plume
with the water. This will increase the slope. In many installations virtually all of the heat and water
produced by combustion exit together and the slope of the mixing line is completely determined
by the fue!l used. Once the slope is known, a line with this slope can be drawn just tangent to the
saturation line on a mixing diagram. This line then represents the dividing line between conditions
in which contrails will form (ambient conditions represented by a water vapor mixing ratio and
temperature to the left of the line) and those in which they will not (to the right of the line). The
slope of the saturation line increases monotonically with temperature. The greater the ratio of

water to heat in the exhaust, the greater will be the slope of the mixing line, the further to the right
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Figure 2: Same as Figure 1, but showing in detail the lower left portion of the mixing line.

it will fall on the diagram when it is just tangent to the saturation line, and the higher will be the

maximum temperatures at which contrails will form at a given pressure and relative humidity.

An empirical observation is that initial condensation at the fringes of the mixing plume does not
occur unless saturation with respect to liquid water occurs, but the initially nucleated liquid
droplets quickly freeze if the ambient temperature is near -40 C or below. It is not uncommon for
air in the upper troposphere to be clear but in a state of supersaturation with respecttoice. Ifa
contrail forms in such air, the frozen droplets will persist and grow as ice particles, making a

persistent contrail.

Considering a simple turbojet engine, and its contrail formation, the mixing line characterizing a
given engine/fuel combination should have the same slope for all ambient pressures when the
engine is in a steady-state. Combustion, no matter how efficient, generates CO, and H,0 and
adds it in constant proportions to the air flowing through the engine. In a steady state there can
be no storage of heat or the engine would heat up and burn up! Similarly, water is being

generated in a typical engine at the rate of 100’s of grams per second, and all water generated




has to leave the engine. In this ideal case, a mixing line for a given engine will vary in slope
depending only on the ratio of water to heat generated during combustion, which is directly
determined by the mole ratio of hydrogen to carbon in the fuel, and its heat of combustion. At
greater ambient pressures the saturation lines will fall further to the right on the diagram, as the
same saturation vapor pressure (a function only of temperature) represents a smaller mixing ratio
at higher ambient pressures. Comparing mixing at two different pressures, the mixing line is just
tangent to the saturation curve when it is further to the right on the diagram representing mixing
at a higher pressure. This means that the threshold temperature for contrail formation is higher,

for a given engine, fuel, and ambient humidity, at lower altitude (higher pressure).
2. Contrail Factor

The slope of the mixing line in Figures 1 and 2, in the context of mixing to produce contrails, has

come to be called the “contrail factor”. (Appleman, 1953) Assuming that all of the water and heat
are thoroughly mixed in the exhaust plume ‘issuing from the engine (a reasonable assumption for
the turbojet engines in use in the 1950’s when Appleman finalized his work), the ratio of water to

heat in the exhaust is entirely determined by the properties of the fuel. Assuming further that this

heat is used to raise the temperature of ambient air with a specific heat characteristic of air at

common meteorological temperatures, Appleman computed a contrail factor of 0.0336 (g/kg)/°C.

Appleman derived his estimate of this ratio from a 1eport of the Great Britain Naval

Meteorological Branch from 1943. However, fuel used in the jet airG.a% of the West in the 1950’s
and later is uniformly characterized by a composition and heat of combustion that yields a contrail
factor in this scenario of near 0.0295 (g/kg)/”°C (e.g. Pilie and Jiusto, 1958).

The contrail factor is computed from fuel properties as follows. The typical military jet fuel
category JP-4 has a specified minimum heat of combustion of ~18400 BTU/b (4.28 * 10" J/kg).
The common civilian jet fuel in current use is Jet-A, which has a somewhat looser specification
but 2 minimum heat of combustion the same as JP-4. The water produced during combustion
can be estimated from a generic chemical equation describing combustion of hydrocarbon fuels -

like the kerosenes used in modern engines is:

2CH, + 30, -> 2CO, + 2H,0 + &H 1)
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In this equation, kerosene fuels are treated as a mixture of chains of various lengths of H-C-H
groups, represented by the generic formula CH,. The symbol 8H represents heat released during
combustion, and the other components have their common chemical meanings. The molecular
weight of CH, is 14 g/mole while that of H,0 is 18 g/mole. Thus for every unit weight of fuel
burned, an estimated 18/14 or 1.29 unit weights of water are produced. Using a specific heat at
constant pressure for air of 1005 J/(kg°C), and assuming that all heat of combustion goes into
raising the temperature of air, the ratio of water added to heating produced in air passing through

the engine is computed to be
1290 (g/kg H,0)/[(4.28*10" J/kg)/(1005 J/(kg°C))] = 0.0303 (g/kg H,O) °C @

Common jet kerosene fuels from the 1950’s onward have a composition closer to CH,,, yielding
the contrail factor of 0.0295 (g/kg) °C" computed by Pilie and Jiusto (1958).

The fuel discussed in the British report used by Appleman apparently had a higher ratio of H to C,
yielding the ratio of water produced to fuel consumed of 1.4 reported by Appleman. It apparently
also had a lower heat of combustion, compared to JP-4, of only 10000 cal/g (4.18 * 10" J/kg) as
reported by Appleman, roughly 2.4% lower than the current JP-4 specification. Thus the ratio of
water to temperature rise used in the analysis by Appleman is ~12% higher than is appropriate to

common jet fuels actually in use at that time and today.

Contrail factors can also be computed from measured fuel flow m, engine air flow m, , ambient
static temperature T,, and exhaust exit total (stagnation) temperature Tg,. One form of the

estimate is presented in Saatzer (1995b)

CF=[1.3 mV[(MmJ)(Te - T (3)

where “1.3" represents the ratio of water mass generated per unit mass of fuel combusted (One
water molecule is produced for each CH, group oxidized. The ratio of molecular weights is 18/14
which is ~1.3. ). The fuel flow m, multiplied by 1.3 is used to estimate the water added to the
exhaust by combustion. Fuel flow can be neglected with respect to the air flow m,, in the
denominator for all practical calculations, as the air flow is usually not known to better than ~2%,
and typical fuel/air ratios are 3-4%. The engine exit total temperature T, is a measure of the total
energy, thermal plus directed kinetic energy of motion, created by combustion and added to the

engine exhaust. The difference (T, - T,) is proportionat to the energy added by combustion.
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A several-month flight test program involving turbojet-powered T-33's is described in Saatzer
(1995b). Contrail factors were computed from engine measurements using equation (3) during
climb, descent, and steady level flight. Contrail factors inferred for the T-33 ranged from 0.025 to
0.039 (g/kg)/°C. Factors as low as 0.025 were obtained during engine decelerations/descents,
values near 0.032 in steady flight, and factors as high as 0.039 during accelerations/climbs.
Reasons for this variation are discussed below The median value of 0.032 (g/kg)°C” for steady
flight is slightly higher than the value estimated from fuel properties. Good agreement was
obtained between contrail factors inferred from the observed contrail onset temperature, and

those computed from aircraft operating parameters.

Less adequate agreement has been obtained in other sets of observations. Knollenberg (1972),
Konrad and Howard (1974), Busen and Schumann (1995), Schumann (1996) and Schumann et
al (1996) describe observations of contrails forming at temperature several degrees warmer than
predicted from a mixing analysis using a contrail factor based on fuel properties. A set of
observations obtained from a field program sponsored by Phillips Laboratory in the fall of 1995
also yielded a group of contrail observations in conditions too warm to be explained by a contrail
factor based on fuel properties. Significantly, most of these observations involve contrail

formation from aircraft powered by medium- to high-bypass ratio fanjets.
3. Refining the Estimate of Contrail Factor
3a. Non-steady engine operation

It has been noted above that non-steady engine settings in the study of Saatzer (1995b) resulted
in a deviation in contrail factor of ~25%, as computed from fuel flow and exhaust gas
temperature. An accelerating engine heats the air to a temperature higher than the previous
hardware temperature, warming it to a new higher temperature and robbing the exhaust of some
of its thermal energy during this heating process. The opposite occurs during deceleration. As the
engine slows and fue! flow diminishes, the engine hardware dumps excess heat into the cooler
exhaust until it cools to the new exhaust temperature. The observed variation in contrail factor of
~30% could result in variations in contrail onset temperature of ~3°C around that predicted using
a contrail factor near 0.030 (g/kg) °C, with higher contrail factors leading to higher onset

temperatures.
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3b. Variations in fuel properties

Another possible source of variablility is variability of fuel characteristics. The computation of
contrail factor from a chemical description of fuel combustion appeared above. Jet kerosene, if it
were exactly represented by the chemical formula CH,, used in that discussion, would have a
percentage of hydrogen by weight of 2/14, or 14.3%. In fact, jet kerosene is not composed
exlcusively of long chains of CH, groups, but in addition has significant fractions of aromatic and
other hydrocarbon species having a lower ratio of H to C. On the average, then, there are slightly

less than 2 H’s for each C.

Looking at the minimum specification for the military fuels JP-4, JP-5, and JP-8 (P. Heberling, GE
Aircraft Engine Business Group, personal communication), minimum specifications are 13.4%
hydrogen. This would correspond to an approximate average composition of CH, ,. Individual
batch samples in one collection of analyses made available to the author ranged in H content up
to 13.9%. A 13.4% hydrogen-content would decrease the ratio of the mass of water generated
per unit mass of fuel consumed to 1.25. There would be a reduction in contrail factor, compared
to that esimated using an assumption of a perfect CH, fuel, by 5%. The highest value for
hydrogen-content in the US literature is the one used by Appleman (1953). His estimate of 1.4 kg
of water for every kg of fuel burnt would require an H-content of 15.4% and an average

composition of C H, s,

The heat of combustion is the other fuel parameter involved in estimating the contrail factor
following the approach of Appleman. Fuel types JP-4, JP-6,JP-8, Jet-A and Jet-B have a
minimum specification of 18,400 BTU/Ib (4.28 * 10" J/kg), while the JP-5 specification is 18,300
BTU/Ib (4.26 * 107 J/kg). A few results from analysis of actual samples (Heberling, personal
communication, and Schumann et al, 1996) yield values no more than 1.5% higher than this. In’
this collection of analyses higher hydrogen content correlates with higher heat of combustion,
opposite in trend to the fue! properties specified in Appleman (1953) which had a higher
hydrogen-content and lower heat of combustion than for modern jet kerosenes. If hydrogen-
content and heat of combustion covary positively, this will yield a proportionally smaller effect on

the computation of contrail factor than if H-content and heat of combustion varied independently.
It is reasonable to conclude that variations in fuel properties might produce a variation in contrail
factor, compared to the “CH,” value 0.0303 g/kg °C”, of not more than 6%. Contrail factor values

would be more likely to be less than this and less likely to be greater. A variation of 6%
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corresponds to a variation in critical temperature of ~0.6°C at 300 mb ambient pressure, a typical

cruise flight level.

Some of the disagreements between observed onset temperatures and those calculated
assuming steady flight cannot be explained by non-steady engine condition or variation in fuel
properties. There are additional modifications to the computation of contrail factor that may

explain the discrepancies.
3c. Compressor bleed air

After combustion, the hot expanded gases in a jet engine expand through the turbine section.
Some energy is extracted by the turbine which is attached to a shaft that drives the compressor
ahead of the combustor, while the rest of the energy leaves the engine through the exhaust
nozzle. The energy extracted by the turbine, in an ideal engine, is exactly equal to the energy put
into the air ahead of the combustor. Therefore, in an ideal engine, no net power is lost. In a real
engine, a combined power loss on the order of 10% occurs in the extraction of energy by the
turbine and addition of energy by the compressor. This energy is not “lost” from the exaust
plume. This “loss” is represented by heat energy that can’t do work, and the heat is still present in

the air passing through the engine and out the exhaust nozzle.

In most aircraft installations, air is drawn from the compressor section of a gas turbine engine for
several purposes. Work has been done on this air to compress it, so if it leaves the engine it
represents a loss of energy originally generated by combustion. Some air is passed over the
combustors to cool the metal containers, and some passes around the combustors and is forced
through channels in the turbine blades to cool them. Since this air is dumped back into the core

engine air flow, this bleed air does not represent a net energy loss.

Other air may be extracted to pass through channels along the leading edges of wings and
nacelles for de-icing, or to run heating, air conditioning and other auxiliary equipment in the
aircraft. The enthalpy in this air is lost to the engine. As much as 10% or more of the total airflow
through the engine may be extracted and not returned to the engine, to be used elsewhere for
auxiliary purposes, depending on system demands and throttle settings. This results in a loss of
thrust, of course. Total inlet airflow would have to be increased (requiring a higher turbine rotation

rate) to maintain thrust and fuel flow possibly adjusted to maintain the design fuel-air ratio in the
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combustion section. It typically is not the case that the same amount of water will be generated
with or without extracting this bleed air, for a given thrust level. Thus the water content of the
exhaust usually would not be the same with or without the auxiliary bleed and the change in
contrail factor as accessory bleed air percentage is increased is a complicated quantity to
estimate.

The percentage drop in exhaust energy content due to bleed air extraction will vary with engine
cycle, and will be higher for higher cycle pressure ratios. Preliminary estimates using the default
turbojet engine cycle in the “ONX” and “OFFX” software packages (Mattingly, 1990) suggest that
percentage energy losses, on the order of half of the percentage bleed air mass losses, may

represent a rough upper limit. Such losses would raise the contrail onset temperature by ~0.5°C.
3d. Separation of heat between core and fan streams

In fan/bypass engines, all of the water vapor generated by combustion ends up in the core
airstream, but the some of the combustion energy is transferred by the fan or prop to air outside
this core. Thus the core will have a higher contrail factor than would be computed based on fuel
properties. It is possible for wisps of this core air to be turbulently mixed through the sheath of fan
air or propwash aft of the engine without completely mixing with the sheath air, thus eventually
mixing with the environmental air with a contrail factor somewhere in-between that of the core
stream, and that produced by complete mixing with the fan stream/propwash i.e., the theoretical

contrail factor estimated from fuel properties.

Peters (1993) obtained engine manufacturer's data on several engines from which to calculate
contrail factors. These engine types included the turbojet, low- and high-bypass engines. The
data included tailpipe moisture and temperature, for a wide range of power settings, flight Mach
numbers, and flight levels. He does not say so explicitly, but for for the fan/bypass engines it
appears that he used numbers characteristic of the engine core exhaust. He gives the following

characteristic contrait factors for each type of engine:

non-bypass -  0.0360 g/kg °C"
low-bypass -  0.0400 g/kg °C”

high-bypass -  0.0490 g/kg °C"

Schumann et al (1997) simulated the mixing of the fan and core streams for the 3:1 bypass ratio

engines on the aircraft whose contrails were described in Busen and Schumann (1995). Their
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conclusions were that incomplete mixing was important only in the first 0.1 s (~16 m aft of exit
plane) of plume evolution and that the increase in contrail factor would produce an increase in
critical temperature of 0.1to 0.5 °C. Saatzer (1995a) estimated from observations of contrail
onset temperatures by high-bypass ratio, engines that the core stream was ony diluted by ~12%
mixing with the fan stream at the point where condensation first occurred, yielding a contrail
factor ~25% higher than that computed from fuel properties. The increase in critical temperature
at 300 mb would be ~2.5°C over that computed using a contrail factor based on fuel properties.
However, Saatzer did not include the correction for propulsion efficiency (discussed next) in his
inversion from observed critical temperature to revised contrail factor. If he had, he would have

estimated much higher mixing fraction and a much smaller change in contrail factor due to

mixing.
Saatzer (1995a) suggests contrail factors for the same 3 categories used by Peters (1993)

non-bypass -  0.0300 g/kg °C”
low-bypass - 0.0340 g/kg °C”'

high-bypass -  0.0390 g/kg °C”

3e. Efficiency of propulsion

Knollenburg (1972) was perhaps the first US worker to remark that the energy generated in a gas
turbine engine and used to do work pushing an aircraft through the air is not present in the
exhaust plume, thus increasing the contrail factor over the value estimated from combustion of
fuel. He did not provide a quantitative development of this correction. Schumann (1996) refers to
earlier German developments by Schmidt in which this same correction is advanced and a
quantitative evaluation is made, although the work is not available in the United States. Busen
and Schumann (1995) and Schumann et al (1996) used the work correction in their analysis of
contrail observations. Saatzer (1995a) describes this correction, but does not utilize it in his

analysis.

In order to consider this process, it is necessary to define thrust, propulsive work, and two forms
of propulsion efficiency. For simplicity, these ideas will be discussed within the framework of

steady constant-speed constant-level flight.

Thrust can be defined as
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F,=m; (u,-u) kgm s’ 4

where F'T is thrust in N, m, is the mass flow rate of air plus fuel through the engine (kg s"), u,is
the exhaust speed of the air relative to the exit nozzle (m s"), and u, is the forward airspeed of
the aircraft (m s”). The quantity (u, - u,) represents the net increase in speed delivered by the
engine to the air it processes, where u, would be the speed with which air enters the engine and

u, the speed with which it leaves.

Work done in moving the aircraft through the air can be described as force times distance, and
the rate of work accomplished (or power dissipated in propulsive work), P, as force times

distance divided by time
P,=F;u, kgm?’s® (5)

Thus nothing needs to be known about the details of the drag on the airframe in order to
calculate the energy being dissipated by this drag, if drag is balanced by thrust and airspeed,

engine mass flow, and engine exhaust speed are known.

The rate of total energy added by the engine to the exhaust plume, P;, can be described as the
sum of the thermal and kinetic energy in the gases emitted from the exhaust nozzle per unit time,

with the thermal and kinetic energy at the inlet subtracted.

Pr=m [T, Too) + 12U -u)] kgm's® (6)
where c, is the specific heat of air at constant pressure, T,, is the static temperature at the exit
plane where gas leaves the engine, and T, is the ambient (static) temperature. The thermal part
of this energy represents energy that does not do any propulsive work. The kinetic part of this

energy, P, can do some work

Pe=1/2m, (u2-u?) kgm’s® @
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In the context of an exhaust plume mixing with its environment, as mixing occurs and the plume
decelerates the directed kinetic energy wili be converted to random molecular motion, i.e. thermal

energy. Thus the sum of kinetic plus thermal energy eventually becomes completely thermal

energy as mixing progresses.
Finally, the rate of energy production by combustion, P, is
P.=fQ kgm’s® (8)

where f, is the fuel flow (kg s*) and Q is the heat of combustion (J kg"). In an ideal engine, where

all of the energy generated by combustion is in the exhaust stream, P = P..

The efficiency with which the kinetic energy added to the air passing through the engine is

converted to propulsive work is
ke = P/Pye = [(U, - Ug) U1/2(u,” - u)] =2 ug / (U, + U) )

Since u, > u, in any real flight situation, this kinetic propulsive efficiency will be < 1 in any real
situation and will approach 1 as u, decreases toward u,. Of course, as u, approaches u,, thrust
will approach 0 unless m, increases. It is this basic relationship governing propulsive efficiency
and thrust, that has driven the development of ever larger turboprop and fan/bypass engines
which move larger masses of air at lower speeds, achieving significant thrust with higher
propulsive efficiency. As an example, a typical exhaust speed for a turbojet engine would be
u,~500 m s”, at a cruise airspeed u, ~ 175 m s”. This yields n. ~ 52%. A fan/bypass engine

that moved 2.6 times as much air at the lower speed of 300 m s to produce the same thrust

would yield 1 ~ 74%
The efficiency with which combustion energy is converted to exhaust kinetic energy is
Neske = PKE/PC =1/2 m; (Uez - uoz) /ftQ (1 0)

This conversion efficiency must be < 1, since P, < P; = P, even in the ideal case where all
combustion energy appears in the exhaust as heat and directed kinetic energy. The portion that

12-14




is present is heat represents energy that does not do propulsive work. Typical combustion-
energy-conversion-to-kinetic-energy efficiencies would be ~40% for the turbojet example above.
In general, a fan/bypass engine can produce the same thrust using less fuel, but specific data to
derive an example fan/bypass engine to compare to the turbojet are not available at the time of

writing this report.

The efficiency with which combustion energy is converted to propulsive work is the product of

these last two efficiencies
MNeaw = Neske TIKE = My (ue - Uo)uo / er (1 1)

Following our examples above, the overall conversion of combustion energy to propulsive work
would be ~20% for the example turbojet. Higher efficiences are possible with fan/bypass engines
because the same thrust can be generated with less fuel consumption, but again, specific

fan/bypass parameters are not available.

Finally, a Carnot efficiency can be defined as

MNear = (Tsc - Tso)/T sc (1 2)

where T, is the maximum temperature reached in the combustion process, and T, is exhaust
static temperature. Different authors define this efficiency differently, with some substituting for
T,, the quantity T, , the environmental temperature. However, any thermal energy still in the
exhaust at the exit plane can do no propulsive work as it mixes with the environment and cools.
The maximum possible conversion of combustion energy to propulsive work would be achieved if
the exitting airstream expanded to environmental temperature as it left the engine, i.e., all of the
combustion energy was converted to kinetic energy. Fan/bypass engines have lower average
exhaust gas temperatures for the same thrust and would have higher limiting thermodynamic
efficiencies. The definition given here seems to be the most practical to use in the context of

aircraft gas turbine engines.

The higher the combustion temperature, the higher the Carnot efficiency. Maximum possible

temperature achieved during hydrocarbon combustion is ~2500°K. For a combustion temperature
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of 2200°K and an exit temperature of 600°K, a limiting thermodynamic efficiency of 73% is
derived. The higher the combustion temperature, and the lower the exhaust temperature, the
higher is the limiting efficiency. If the combustion temperature was 2200°K and exit temperature
was 400°K, then the efficiency would be increased to 82%. This efficiency relationship between
combustion temperature and exit temperature, along with the desire to generate as much power
in as small a volume as possible, has driven the development of materials and surface-cooling
techniques to use to build engine components that can run at higher and higher temperatures,

and to produce thrust with the lowest possible exhaust. Nevertheless, Nggy << Moar-

Having defined these efficiencies it is now possible to present the arguments of Knollenberg,
Schumann, and others, concerning the loss of energy used for propulsion from the exhaust
plume. Steady constant-speed, constant-altitude flight by a single-engine aircraft will be assumed
for simplicity. In this case, the propulsive power being produced by the engine, P, is just equal to
the dissipation of energy produced as the aircraft moves through the air. This dissipated energy
appears as wingtip vortices and wake turbulence initially far-removed from the engine exhaust
plume. Then near the aircraft all of the water generated by combustion is in the exhaust plume,
while some of the energy generated is not in the exhaust plume but is dispersed in the wider
wake of the aircraft. At some great distance aft, the engine plume and aircraft wake become
completely mixed, and all of the heat and water are mixed back together as the wake dilutes by

mixing into the atmosphere.

Contrails, if they do form, may form near the aircraft as little as 10’s of meters behind. Thus they
often form in portion of the exhaust plume from which energy has been removed and before the
aircraft wake energy mixes back in, again. The exhaust plume at this point would be
characterized by a contrail factor higher than that calculated from the hydrogen content of the

fuel and the fuel's heat of combustion.

Turbojets accelerate relatively smaller airstreams to relatively higher velocities and have relatively
lower propulsion efficiencies, on the order of 10% to 20%. According to Schumann, the portion of
the combustion-generated energy that does propulsive work should be subtracted from the
plume, raising the contrail factor. Yet Appleman (1957) and Saatzer (1995b) were able to get
reasonable agreement between theory and observations of turbojets without correcting the

contrail factor for loss of energy used in propulstion. There are two possible resolutions for this

quandary
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in the case of Appleman’s studies, he had estimated a contrail factor too high for the fuels then in
use. A subtraction of 10% of the energy from the exhaust to drive the airplane would result in an
increase in the contrail factor of ~10%. A 10% increase in contrail factor over the actual fuel-
derived value of 0.0295 (g/kg) °C would bring the corrected contrail factor close to the value
Appleman used in his analysis (0.0336 (g/kg) °C ) and would help the agreement between

observations he had available, and his theoretical analysis.

Saatzer's (1995b) work involved computation of contrail factor from engine parameters, assuming
that 1.3 kg of water were generated for each kg of fuel consumed. This estimate is high
compared to an estimate based on JP-4 specifications. These specifications suggest a proportion
of 1.25, and actual fuel analyses of Jet-A (e.g. Busen and Schumann, 1995; Shumann et al,
1996) suggest a proportion closer to 1.22 may be common. It is possible that there was less
water in the exhaust than Saatzer assumed, and that this compensated for the fact that there
was actually less energy in the exhaust plume than he assumed due to removal of energy to do
work. The propulsive efficiency of the turbojet engine in a T-33 is very low, ~10%. (Saatzer,
personal communication, notes that a T-33 engine consumes as much fuel as a B-2 engine on a
similar flight profile.) Thus the numerator and denominator terms in his contrail factor calculation

may have been both overestimates, but the ratio, the contrail factor itself, not far off.

Another issue in the computation of contrail factor from engine parameters is the reference frame
in which the computation is done. Saatzer (1995b, Ch 6) uses a theoretical framework that was
developed by Osterle (in a sequel to Osterle (1956) which is no longer avaitable). The control
volume for plume energy analysis is a volume fixed to the exit plane of the engine, moving with
the engine. Engine exhaust enters this volume with speed u,, ambient air enters this volume with
speed u,, and mixed air exits this volume at speed u,. According to the treatment presented in
Saatzer, the stagnation enthalpy at the jet exit is hg, = h + (uf? - u)/2, where h, is the static
enthalpy. However, he uses measured exhaust gas temperature (EGT), determined by
thermocouples inside the exhaust nozzle, as an estimate of T, from which to estimate h,, =
T./c,, whereas a more correct equivalence in a frame of reference moving with the engine would
be h,, = (EGT - u;/2)/c,. This is a second possible source of error leading to an overestimate of
heat in the exhaust plume using equation (3) to compute a contrail factor, compensating for an

overestimate of water production by combustion.
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Schumann et al (1996) estimate a combustion propulsion efficiency of ~20% for the 3:1 bypass
ratio engines on the aircraft whose contrails they studied. Propulsion efficiencies Mg, for modern
high-bypass ratio engines may reach over 30% (e.g. Busen and Schumann, 1995), meaning up
to ~1/3 of the energy generated by combustion is not in the exhaust plume near the exit plane
where the contrail typically forms, according to this analysis. This would require an adjustment of
the contrail factor computed from fuel properties upward by a factor ~4/3 and an increase in

critical temperature of ~3°C.

The role of propulsion efficiency in accounting for heat lost from the engine plume is a difficult
one to define. A jet propulsion system is an open one. Working fluid does not go through a
complete cycle within a closed system, but is passed through the system and exits in a state
different from that in which it entered. Closing the energy balance of this propulsion system can

be difficult as it depends on the reference frame chosen.

The apparent success of the propulsive work correction in explaining the observations of Busen
and Schumann (1995), Schumann et al (1996) and Schumann (1996), where contrail onset was
at a higher temperature than predicted using a fuel-based contrail factor, is compromised by the
fact that the engines involved were fan/bypass engines for which they assumed the fan and core
streams were mixed by the time of contrail onset. According to Saatzer (1 995a) an increase in
contrail factor in these cases could also be explained by incomplete mixing of core and bypass
streams. Schumann et al (1997), however, argue that incomplete mixing cannot account for the

observed increase in contrail factor for fan/bypass jets.

An observation that contradicts the proposal of Schumann to subtract energy used to produce
propulsive work from the energy involved in plume mixing and contrail formation is provided by
Saatzer (personal communication). During a flight test, two T-33's were flying in formation, one
being more loaded with pods under the wings and other protuberances around the airframe than
the other. Assuming a steady-state, the more loaded aircraft would have to have been generating
more thrust to maintain the same airspeed as the “clean” aircraft. According to equation ( 5) the
engine on the more loaded aircraft would have been dissipating more power in work, P,,. Both
were burning the same fuel and should have been generating the same ratio of water to heat,
although air and fuel flow would have been higher on the more loaded T-33. Using equation (11)
and assuming that the air-to-fuel flow ratio, m/f, is maintained constant on each aircraft,
conversion of energy generated by combustion to propuisive work should be more efficient for

the more loaded aircraft at a given airspeed u,. The more efficient system should have a higher
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proportion of its energy converted to propulsive work and a higher contrail factor, if Schumann is
correct. Yet the cleaner aircraft contrailed at a higher temperature, indicating that even though it

was less efficient, it had the higher contrail factor.
4. Conclusions

Several engine-related causes of variation in the contrail factor, used in the mixing analysis to
determine whether or not contrails will form in a given environment, have been identified. For a
simple turbojet, non-steady-state engine operation can result in contrail factor variations of ~30%
around the steady-state value. Variations in hydrogen content and heat of combustion can
account for fiuctuations of a few percent, as can variations in accessory bleed air extracted from

the compressor section.

Fan/bypass and turboprop engines have contrail factors higher than simple turbojets. At a bypass
ratio of ~5:1, contrail factors are typically 30% higher than for a simple turbojet burning the same
fuel. Two possible reasons for this are (1) separation of heat from water in the engine core
stream as energy is added to the fan/bypass/prop stream, and (2) a higher efficiency of
conversion of fuel energy to work in these higher air-flow, lower exhaust speed engines. The
available observations are not adequate to assess the relative importance of separation and

efficiency in explaining the higher contrait factors.

The combination of all engine-related causes of variations in contrail factor can account for the
possibility of <~50% variations in contrail factor about the value estimated from fuel properties.
Changes in contrail factor can be roughly related to changes in contrail onset temperature by the
relationship that a 10% increase in contrail factor results in a 1°C higher contrail onset

temperature in a typical upper tropospheric environment for onset temperatures near -50°C.
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Abstract

Rate coefficients for a few ion-molecule reactions have been measured in the range
300-1800K. The measurements were carried out in a flowing afterglow apparatus
designed for the measurement of ion-molecule reaction rate coefficients at

temperatures higher than any previous measurement. Reactions measured were
Ny +0, , 0" +0,, 0"+ N, The results are compared with previous studies of
temperature and transitional energy dependencies of ion-molecule reaction rate

coefficients. Preliminary results were obtained for the reaction O + NO.
Experimental problems relating to operation of a flowing afterglow apparatus at high

temperatures were solved and discussed.
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STUDIES OF ION-MOLECULE REACTION RATES
AT VERY HIGH TEMPERATURES

Itzhak Dotan
Associate Professor

Introduction
It has long been recognized that information on energy and temperature dependences
of rate coefficients of ion-molecule reactions is desirable both for scientific and

practical reasons {1}.

The immediate motivation for measuring rate coefficients at very high temperatures is
to provide data and guidance for modeling high-temperature plasmas which occur
naturally (e.g. auroras and the ionosphere) or man-made (e.g. around vehicles in
hypersonic flight, re-entry vehicles, or engine exhausts). However, it is clear that
many interesting questions arise at high temperatures: new reaction channels may
become activated and esoterica such as “entropy-driven” reactions {2} become more

accessible for study.

A typical variable-temperature flowing afterglow or selected ion-flow tube (SIFT)
apparatus can operate at temperatures as high as 500-600K. In the early 1970s’,
Lindinger et al. {3} modified a flowing afterglow apparatus at the National Oceanic
and Atmospheric Administration (NOAA) laboratories, to permit operation as high as
900K. At about the same time the same group built the flow-drift tube {4} which
could measure rate coefficients between room temperature and 3eV center of mass

translational energy.

The NOAA group reported temperature dependence of nine positive-ion reactions
{3}. Reactions which were fast (collisional) at 300K were found to be temperature
independent within experimental uncertainty. Reactions which were slow at 300K
were seen to decrease with increasing temperature, but in two cases a shallow

minimum was observed - for O* + N, at 850K and for CO3 + 0, at about 700K. For
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most of the reactions studied by the NOAA group data also existed from flow-drift
tube experiments. Generally speaking, the temperature variation of the reaction rate
coefficients mimicked results from flow-drift tube data on the Kkinetic energy

dependence of reaction rates.

A variable temperature static drift tube was built of the University of Pittsburgh (5).
Measurements were carried out up to 930K for two reactions that had been previously

studied by the NOAA group.

The measurements reported here were carried out in a recently developed High
Temperature Flowing Afterglow (HTFA) machine (6). This summer for the first time

we operated the machine to its maximum designed temperature of 1800K.

The data reported herein show a very good agreement with previous data for
temperature and low-energy dependencies of rate coefficients. At higher temperatures
there are distinct differences between temperature and kinetic energy dependence. The
role of internal (vibrational and rotational) energy in ion-molecule reactions may be
deduced from this comparison. It is known that many reactions are strongly dependent

upon internal excitation {5}.

Experimental Details
In most aspects the High Temperature Flowing Afterglow (HTFA) is a standard

flowing afterglow instrument {6}, consisting of an electron-impact ion-source, flow-
tube, gas inlets and a detection system. Special properties to operate at high
temperature include:

- ceramic (alumina) flow-tube.

- silicon carbide heaters in a 3-zone commercial furnace.

- upstream end of flow tube is out of the furnace; all electrical and gas connections

are made through a cap that clamps to this end. The cap is water-cooled.
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The downstream end of the furnace simply abuts the cooled metal mating piece.
This necessitates enclosing the whole apparatus in a vacuum box to prevent leaks

into the flow-tube.

" The downstream end of the flow simply terminates ~ 1R from sampling tube.

All inlet tubes are ceramic.
Sampling plate is molybdenum and sealed by a ceramic “O-ring”.

100 amp 220 volts to run the furnace at full power.

A detailed description of the apparatus is given in Fig. 1.

Working at high temperatures causes experimental problems that we had to overcome.

The main problems are:

Decrease in the signal due to diffusion. Diffusion rate is proportional to T>2.
Thermionic emission of (mainly) Na* (M=23) and K*(M=39) from the
molybdenum sampling aperture plate. This causes a major problem in measuring
Ar" (M=40) reactions.

Positive and negative surface ionization on flow-tube walls.

Possible decomposition of reactant gas on surfaces.

Technical Changes

A flowing afterglow machine is very sensitive to the experimental conditions. I

spent the first part of my stay trying to improve the performance of the system. The

following changes were introduced. (See for comparison Ref. 6 and Fig 1).

1.

All theremo couples were taken out of the flow tube in order not to disturb the
flow conditions.

Reactant gas inlet was secured at the center of the flow tube.

The pumping of the vacuum box was separated from the pumping of the flow
tube.

We introduced a turbo pump instead of the 4" diffusion pump, pumping the lens

arca.

The last two changes improved the vacuum and the flow conditions. The sensitivity

of the system improved enabling us to measure rate constants as low as

5x 10713 e S7L.
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Results

Three positive ion-molecule reactions were studied as a function of temperature

between 300 to 1800K. Preliminary results exist for one more reaction.

a N +0 - 0"+ N, ¢))

The results of reaction 1 are shown in Fig. 2. There is a very good agreement
between our data and previously measured NOAA's temperature (3) and flow-drift
tube (8) data. At the high temperature range (above 1000K) the HFTA data are
higher than the FDT data by about a factor of 2.5 at 1800K.

b. 0"'+0,->0"+0 )

Results for reaction (2) are shown in Fig. 3. Here again there is a good agreement
at the low temperature between our data and NOAA's temperature (3) and FDT (9)
data. At the high temperature range our data are higher than the FDT data. This
difference is due to the role of vibrationaly excited G, in driving the reaction. In

the same figure we show the derived rate constants for vibrationaly excited G, .

c. O"+N, > NO"+ N 3

The rate constants of reaction (3) show basicaly the same begavior, i.e. agreement
with NOAA's data at the low temperature (3) and energy (9) range and faster rates
at the high temperature range (Fig. 4). This reaction has been measured by the
NOAA group as a function of N, vibrational temperature (10). Combining these
data and the FDT data enabled as to calculate the rate coustants as a function of
temperature, and as can be seen in Fig. 4 there is a very good agreement between

the calculated and the measured rates.

d. 0" + NO—-» NO* + 0 0

Only preliminary data exist for reaction (4). The data seem to agree with previous
measurements (9). We plan to measure this reaction at low temperature in the SIFT

as well as high temperature in the HTFA.
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Di .

The results reported here and previously measured reactions establish the

importance of measuring ion-molecule reaction rates at very high temperature by the

HTFA machine. Low temperature rate constants show a very good agreement with

previous data measured as a function of temperature or translational energy. In the

high temperature range there are deviations between the HTFA and FDT data. The

deviations are due to the role of internal energy in driving ion-molecule reactions.

All three reactions reported here are important atmospheric reactions. Existing

models based on FDT data will have to be modified using the new data. In parts of the

atmosphere where ion temperature is different from the neutral, both sets of data will

be used.
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Figure ti
Fig. 1 - High Temperature Flowing Afterglow Apparatus.

Fig. 2 - Data for the reaction of N,” ions with O, from 300 to 1800K. NOAA's
temperature data is taken from Lindinger et al (3) and FDT data from
Albritten et al (9).

Fig. 3 - Data for the reaction of O" ions with O, from 300 to 1800K. NOAA's
temperature data is taken form Lindinger et al (3) and FDT data from
Albritten et al (9).

Fig. 4 - Data for the reaction of O ions with N, form 300 to 1800K. NOAA's
temperature data is taken form Lindinger et al (3), FDT data from Albritten et
al (9) and vibration data from Schmeltekopf et al (10).
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Abstract

Many benefits can be realized by incorporating hydrostatic bearings into liquid
hydrogen turbopumps, however, suitable material coatings must be used to avoid
excessive wear during multiple starts and stops. A short list of eight coating materials is
suggested. Nine manufacturers out of fifty contacted are identified as capable of
depositing durable coatings on Inconel 718. A cost effective low temperature tribometer
based on the hydrostatic bearing application should be designed and built prior to
performing full scale tests in area I-14.
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Introduction

Turbopumps are pumps that supply the oxidizer and the fuel to a liquid rocket
engine. At present, roller bearings around their rotating shafts are used. The aim of
Phillips Laboratory is to replace these rolling elements with hydrostatic bearings, which
have no inherent speed limitations because they are essentially non-contact devices.
Pressurized hydrogen is then injected to keep the rotating shaft from touching the bearing
during operation.

Discussion of Problem

The Rocket Propulsion Directorate of the U.S. Air Force, Phillips Laboratory is
exploring rocket propulsion systems that use hydrostatic turbomachinery bearings in
rocket engine turbopumps {1}. Current technology, which uses roller bearings around
their rotating shafts requires that the turbopumps be rebuilt frequently and at great
expense. These systems need materials that are capable of surviving high rates of rotation,
are wear and abrasion resistant, and can undergo muitiple starts and stops while operating
in a liquid hydrogen environment {1}.

The bearing walls may be worn during start up and shutdown while the rotor shaft
is in contact. This is due to the lack of pressure governing their placement in the center of
the bearing. Moreover, debris (silicate minerals) passing through the clearance between
the shaft and bearing may cause abrasive wear. This debris is present in the cryogenic
fluid and the filtration systems are not able to keep small particles (about 30 micrometers)
from entering the turbopump {2}.

The existing material, Inconel 718, of which the shaft and bearing are made, should
not be changed or else design layout drawings, modified shop drawings, and casting
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tooling would require major modification. Maintaining this material would constrain the
deposition method to be carried out under 600 degrees Celsius, which is the maximum
allowable temperature before softening occurs in Inconel 718. The aim of this work is to
identify potential candidate material coatings and manufacturers who can deposit them on
Inconel 718 substrates.

Methodology

Choosing the best material for this application requires experimentation. The
wearing of a coated material depends on the processing method, processing conditions,
surface preparations, and coating thickness. The suggested method for choosing the
material involves four steps:

1) Identifying a short list of materials

2) Identifying a short list of manufacturers who can deposit and optimize these coatings.
3) Design and fabricate a small-scale tribological testing equipment (tribometer) to scale
down the number of competing material coatings. This should be a simulation of the
hydrostatic bearing application.

4) Perform full scale tests using an actual turbopump in area I-14

1. Short List of Materials

There are two categories of dry lubricant coatings to be considered for low
temperature (liquid hydrogen) hydrostatic bearing. One is a very low friction coating that
also reduces wear and the other is a harder /ow wear coating that provides some reduction
in friction.

a. Low Friction Coatings

In the first category, very low friction candidates, soft, slippery coatings are
considered, examples are Ag, and MoS2. MoS:2 coatings have been used by the military as
a dry lubricant for a harmonic drive assembly of gears and ball bearings, used to point an
antenna on a classified satellite {3}. These coatings were tested successfully over lifetimes
lasting hundreds of millions of revolutions on heavily loaded bearings, and are now
standard coatings in the U.S. and European space programs. Moreover, MoS2 is
compatible with Inconel 718, the traditional material of the bearing and shaft {3}.

In a private communication with Mr. Ron Christy, owner of TRIBO COATING
{4}, he suggested that MoS2-Ni coating performed very well in tests ran at TRW in
Redondo Beach, California at liquid helium temperature as a spacecraft bearing and gear
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lubricant, and recently as a coating applied to cutting tools for machining aluminum.
MoS: is researched in detail, and is presented in appendix 1.8 and MoS2-Ni is a low
friction potential candidate for the hydrostatic bearing application. The potential
manufacturer is TRIBO COATING, 26615 Ocean Dr., Malibu, Ca 90265, Tel. No. 800-
789-9974, Fax: (310) 457-2261.

b. _Low Wear Coatings

Hard, wear resistant coatings are the primary candidates for hydrostatic bearing
application. The wear mechanisms that are likely to predominate in the hydrostatic
bearing application are adhesive wear (between the bearing and shaft), abrasive wear (due
to the debris), and brittle fracture wear (for ceramic coating materials having low tensile
strengths compared to their compressive strengths). Ceramics are especially well suited
for this application {5,6}. Their low values of surface energy and high values of hardness
lead to lower friction, low adhesive wear, low abrasive wear, and minimal loose debris
particle size {6}. The material properties which are relevant to the selection of ceramic
coatings for low temperature hydrostatic bearings are thermal expansion coefficient,
Young's modulus, thermal expansion compatibility with the substrate, hardness, density
(% theoretical), surface energy, and fracture toughness.

High hardness results in low wear and a low ratio of surface energy to hardness
lowers the wear rate. Microcracking from contact stresses at asperities or wear debris
requires a material with a high fracture toughness. A high H/E (hardness/Young's
modulus) will provide better elastic compliance and decohesion on unloading and
accordingly low wear {6}.

Fifteen materials were identified as potential candidates for coatings of hydrostatic
bearings {5}. These are tabulated in table I, together with the relevant physical and
mechanical properties to be used in ranking their suitability. It should be noted, however,
that the data for some materials is unavailable in current literature.

An overall ranking process was then conducted based on the highest thermal
conductivity, lowest difference in thermal expansion coefficient with Inconel 718
substrate, highest fracture toughness, highest ratio of hardness/Young's modulus, and
highest ratio of tensile/compressive strength. This exercise resulted in identifying seven
potential candidates for coating of the hydrostatic bearing application. The final ranking
was arrived at on the basis of the total number of appearances of each material within the
ranking table criteria (table II).




The seven most suitable candidates are from best to worst: Silicon carbide,
Diamond, Silicon nitride, Boron carbide, Alumina, Tantulum carbide and Zirconia. Except
for Diamond and Diamond Like Carbon (DLC), which were thoroughly researched by Dr.
A. Phelps {1}, and Dr. A Gonzalez {2}, these materials are studied in detail and included
in appendix 1, as a materials data base. Silicon carbide is included in appendix 1.1 (13
references), Boron carbide in appendix 1.3 (20 references), Silicon nitride in appendix 1.4
(16 references), Aluminum oxide in appendix 1.5 (4 references), and Zirconia in appendix
1.6 (6 references). Other materials in appendix 1 include Boron nitride in appendix 1.2
(10 references), Titanium nitride in appendix 1.7 (19 references), Molybdenum Disulfide in
appendix 1.8 (14 references), and tungsten carbide in appendix 1.9 (5 references).
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2. Short List of Manufacturers of Low Wear Coatings

Since the film coatings must be applied on Inconel 718 at deposition temperatures
which do not exceed 600 degrees Celsius to avoid material softening, a list of 49
companies specializing in low wear coatings was compiled (ceramic source 1996, also
included in appendix 2). All were contacted, but only eight companies advised us that
they have the capacity to undertake the project within the temperature restriction. Below
is a list of the 49 companies contacted in alphabetical order. The eight companies are
highlighted using bold face print.

Once these eight companies confirmed their capability of depositing low
temperature thin film coatings, further inquiries were made concerning their coating
methods and film thickness. The responses were as follows:

' According to Jerry Latin from Advanced Refactory Technologies, Inc., the coating
method used is trademarked Dylyn, which is a PVD method. The deposition temperatures
vary from room temperature to 250 degrees Celsius. The thickness of the coatings can
vary from 1 to 10 um. Although Inconel 718 has not been used as a substrate, a variety of
metals, semiconductors, quartz, ceramics, polycrystalline diamond based materials,
cements, polymers, composites, and other materials have. Out of seven materials selected
for the bearings, only silicon carbide is available for coatings.

According to Dr. William Sproul, BIRL's Industrial Group Program Manager,
(Basic Industry Research Lab), ex-General Chairman of the International Conference on
Metallurgical Coatings, and 1996 President of the vacuum society, BIRL deposits films by
unbalanced magnetron (UBM) sputter deposition by PVD. This method ensures high ion
bombardment of the growing coating for high-quality coatings at low deposition
temperatures (100-500 degrees Celsius). BIRL has six active applications, and can
consult on equipment and methods to adopt PVD technologies. Coatings can be
accomplished from 1 to 10 um. BIRL can deposit all seven materials, but diamond can
only be deposited at high temperatures.

As stated by Arnold H. Dutchman from Beam Alloy Corp., the coating method
used is trademarked by Chromion, which is an advanced ion beam enhanced deposition
which takes place in a clean, high vacuum chamber without the use of chemical plating
solutions. The deposition temperatures occur at a maximum temperature of 100 degrees
Celsius, with a deposition thickness of 1 to 10 pum. The coatings have not been used on
Inconel 718, but they have been used on steel, nickel, and copper, and no adhesion
problems have occurred. Beam Alloy Corp. has alumina, which is one of the seven
materials ready for coating.

According to C.T. Chu, from Chemat Technology, Inc., the coating method used
is sol-gel, which is a solution technique. The maximum temperature of the substrate is
450 degrees Celsius, and the typical thickness is 1 pm. Coatings on Inconel 706 have
been applied for coatings: alumina, Zirconia, and silicon carbide. Alumina is available at
any time, but Zirconia and silicon nitride can be made.
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According to Mike Powers, from Commonwealth Scientific Corp., the coating
method is ion beam sputtering with a deposition at room temperature. The typical
thickness of the coating is 1 yum, which takes two hours. All seven materials can be
applied as coatings.

As stated by Dr. Rick J. Yoon, President of I.J. Research, Inc, and Materials
Scientist with 27 years experience in ceramics and metallurgical engineering, the coating
methods used are DC magnetron sputtering, RF sputtering, and ion beam sputtering.
Alumina and Zirconia are two of the seven materials used for coatings.

According to Conrad Lundgren, from System Images, the coating methods used
are e-beam and thermo-evaporation, with a maximum temperature of 240 degrees Celsius.
The typical thickness the company achieves is 10 to 1000 A, although they can apply
thicker coats. They have used Inconel 718 as a substrate and no adhesion problems have
occurred.

According to Dr. Weinman, from Thin Films Concepts, Inc., the coating methods
used are magnetron sputtering and their deposition temperatures do not exceed 250
degrees Celsius. The typical thickness is 1 to 5 yum, but they can apply thicker coats.
Silicon nitride and alumina are two of the seven materials which they have used as a thin
film.

The potential manufacturers of low wear coatings are BIRL's Industrial Group
(Basic Industry Research Lab), and Commonwealth Scientific Corp., since they are
capable of depositing all seven films.

In appendix 2, a listing of companies dealing with wear resistant coatings is
included and in appendix 3, samples of companies responses to our investigation.
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*ABB AIR
PREHEATER
Raymond Products
650 Warrenville Rd.
Lisle, IL 60532

(708) 971-2500
FAX: (708) 971-1076

eABRESIST CORP.
Box 38

5541 North State Rd. 13
Urbana, IN 46990
(219) 774-3327

FAX: (219) 774-8188
esADVANCED
CERAMICS CORP.
Box 94924

Cleveland, OH 44101-
4924

(800) 822-4322

FAX: (216) 529-3975

esADVANCED
REFACTORY
TECHNOLOGIES,
INC.

699 Hertel Ave.
Buffalo, NY 14207
(716) 875-4091

FAX: (716) 875-0106
Employee: Jerry Latin
Deposition
processPVD

*AJA
INTERNATIONAL
2719 Cory Ave.

Box 246
N. Scituate, MA 02060
(617) 545-7365

FAX: (617) 545-4105

eAMERICAN ROLLER
CO.R&D

1400 13th Ave.

Union Grove, WI 53182
(414) 878-3751

FAX: (414) 878-3893

*ARCHER
TECHNICOAT INC.
430 10th St. NW, Suite
N-102

Atlanta, GA 30318
(404) 874-7240

FAX: (404) 874-8187

¢AREMCO
PRODUCTS, INC.

23 Snowden Ave.

Box 429, Ossining, NY
10562

(914) 762-0685

FAX: (914) 762-1663

*BALZERS HIGH
VACUUM PRODUCTS
8 Sagamore Park Rd.
Hudson, NH 03051-
4914

(603) 889-: 6388

FAX: (603) 889-8573

¢ *BALZERS TOOL
COATING, INC.

661 Erie Ave.

North Tonawanda, NY
14120-0688

(716) 693-8557

FAX: (716) 695-1995
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sBASIC INDUSTRY
RESEARCH LAB.
1801 Maple Ave.
Evaston, IL 60201-
3135

(847) 4914108

FAX: (847) 467-1022
Employee: Bill Sproul
Deposition process:
sputtering

eBAY
STATE/STERLING
INC.

12 Union St.
Westboro, MA 01581
(800) 366-4431

FAX: (800) 366-4311

e * BEAM ALLOY
CORP.

Dublin Research Park
6360 Dublin Industrial
Estate

Dublin, OH 43017-
1277

(614) 766-3300

FAX: (614) 766-3306
Employee: Arnold
Dutchman

Deposition process: ion
beam enhanced
deposition

*BENCHMARK
STRUCTURAL
CERAMICS CORP.
350 Nagel DriveAve
Buffalo, NY 14225
(716) 685-4850

FAX: (716) 685-4859




eCARBONE OF
AMERICA CORP.
Ultra Carbon Div.
900 Harrison St.

Bay City, MI 48708-
8224

(517) 894-2911

FAX: (517) 895-7740

e *CHEMAT
TECHNOLOGY, INC.
19365 Business Center
Dr.

Suite 8 & 9,
Northridge, CA 91324
(818) 727-9786

FAX: (818) 727-9477
Employee: C.T. Chu
Deposition process:
Sol-Gel

*COMMONWEALTH
SCIENTIFIC CORP.
500 Pendleton St.
Alexandria, VA 22314
(730) S48-0800

FAX: (703) 548-7405
Employee: Mike
Powers

Deposition process: ion
beam sputtering

eDELKIC & ASSOC.
Int’l Technical Ceramics
Inc.

Box 1726

Ponte Vedra Beach, FL
32004

(904) 285-0200

FAX: (904) 273-1616

¢DIAMONTE
PRODUCTS

453 W. McConkey St.
Shreve, OH 44676
(216) 567-2145

FAX: (216) 567-2260

oDIDIER WEARTECH
AG

Div. Of Moh g (Pty) Ltd.
Box 16992

N. Pretoria 0116,
SouthAftrica

(26) 11-880-2300

FAX: 011-880-3260

*DOW CORNING
CORP.

Box 994

Midland, MI 48686-
0994

(517) 496-4000

FAX: (517) 496-4586

o DYNAMIC-CERAMIC,
LTD.

Bournes Bank, Burslem
Stoke-on-trent

ST6 3DW, United
Kingdom

(78) 2-575537

FAX: (78) 2-575537

*ENGELHARD CORP.
101 Wood Ave.

Iselin, NJ 08830

(908) 205-5000

FAX: (908) 632-9253
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eEPH ENGINEERING
ASSOCIATES, INC.
21 E. 400 South

Orem, UT 84058

(801) 226-1383

FAX: (801) 226-1437

*GREENLEAF CORP.
One Greenleaf Dr.
Saegerton, PA 16433
(814) 763-2915

FAX: (814) 763-4137

*GWENT
ELECTTRONIC
MATERIALS, LTD.
Mornmouth House
Mambhilad Park
Pontypool

Gwent NP4 OHZ,
UNITED KINGDOM
(44) 495-750505

FAX: (44) 495-752121

e *]J RESEARCH,
INC.

Glass & Ceramics
Division

1965 Blair Ave.
Santa Ana, CA 92705
(714) 253-8522

FAX: (714) 250-6338
Employee: Rick Youn
Deposition process:
sputtering




*INTERNATIONAL
APPLIED CONCEPTS
Box 1435

S. Miamti, FL 33243-
1435

(305) 534-3452

FAX: (305) 534-3462

o KALENBORN
KALPROTECT

Dr. Mauritz Gmbh &
Co. KG

Vettelschoss 2 D-53558,
Germany

(26) 45-18-0

FAX: (26) 45-18-12

L ANXIDE COATED
PRODUCTS

Box 6077

1300 Marrows Rd.
Newmark, DE 19714-
6077

(302) 456-6200

FAX: (302) 454-1712

oLWK
PLASMAKERAMIK
GMBH

Box 31 02 85

D-51617 Gummersbach
31, Germany

(49) 2261-7092-0

FAX: (49) 2261-70924-0

eMAN TECHNOLOGI
AG CMC-T
LEIBIGSTR. 5a
d-85757 Karlsfeld,
Germany

(89) 15807389

FAX: (89) 15807722

*NATIONAL
MAGNETICS GROUP,
INC.

1210 Win Dr.
Bethlehem, PA 18017-
7061

(610) 867-7600

FAX: (610) 867-0200

eNIPPON STEEL
CORP.

New Materials Div.

6-3, Otemachi, 2-chome
Chiyoda-ku

Tokyo, Japan

(03) 3242-4111

FAX: (03) 3211-2731

oPEMCO PRODUCTS
Enamels and Ceramics
Group

Bayer Corp.

5601 Eastern Ave.
Baltimore, MD 21224-
2791

(410) 633-9550

FAX: (410) 631-4354

ePRAXAIR SURFACE
TECHNOLOGIES,
INC.

1500 Polco St.
Indianapolis, IN 466224
(317) 240-2500

FAX: (317) 240-2426

sRENITE CORP.

Box 278

Bleachery Pl
Chadwicks, NY 13319
(315) 737-7381

FAX: (315) 737-5709

14-18

oSAUEREISEN

160 Gamma Dr.
Pittsburgh, PA 15238-
2989

(412) 963-0303

FAX: (412) 963-7620

«SCHUNK GRAPHITE
TECHNOLOGY

W146 N9300 Held Dr.
Menomonee Falls, WI
53051

(414) 253-8720

FAX: (414) 255-1391

¢A.O. SMITH CORP.
Protective Coatings Div.
8160 Holton Dr.
Florence, KY 41042
(606) 727-3500

FAX: (606) 727-6776

*SOLERAS, LTD
Box BCBiddeford, ME
04005

(207) 282-5699

FAX: (207) 284-6118

oSTORK CELLRAMIC,
INC.

8399 N. 87th St.

Box 24180

Milwaukee, WI 53224-
0180

(414) 357-0260

FAX: (414) 357-0267




*SUPERCONDUCTIV
E COMPONENTS,
INC.

Targets Materials, Inc.
1145 Chesapeake Ave.
Columbus, OH 43212
(614) 486-0912

FAX: (614) 486-0912
*SWAIN TECH
COATINGS

35 Main St.
Scottsville, NY 14546
(716) 889-2786

FAX: (716) 889-52

SYSTEM IMAGES
(Referred to by J.R.
Gain Super
Conductive
Components)

823 Route 15

Dover Foxcorft, Maine
04426

(207) 564-2149
Employee: Conrad
Lundgren

Deposition process:
E-Beam and Thermo-
Evaporation

*THIN FILMS
CONCEPTS, INC.
One Westchester Plaza
Elmsford, NY 10523
(914) 592-4700

FAX: (914) 592-0067
Employee: Dr.
Weinman
Deposition Process:
sputtering
Deposition Process:
sputtering

Foreign companies are in italics.
* refers to the companies that were found under wear resistant coatings.

o refers to the companies that were found under thin films.
Note: Some companies were found under both subheadings.
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*THIN-FILMS
RESEARCH

270 Littleton Rd.
Westford, MA 01866
(508) 692-9530

FAX: (508) 692-9531
*UNIVERSITY OF
WISCONSIN AT
MILWAUKEE
Materials Dept.

3200 N. Cramer St.
Milwaukee, WI 53211
(414) 229-5161

FAX: (414) 229-6958

eWZM ENTERPRISES,
INC.

101 South 5th St.
Harrison, NJ 07029
(201) 485-6035

FAX: (201) 485-6035




3. Design and Fabrication of a Tribometer

4. Full Scale Testing

These steps have not been addressed in the current report since they represent the
second phase of this project.

Conclusions

Eight candidate materials are identified as potential coatings for hydrostatic
bearings. MoS:2-Ni for low friction and Silicon carbide, Diamond, Silicon nitride, Boron
carbide, Alumina, Tantalum carbide, and Zirconia for low wear in order of preference.

Nine manufacturers indicated that they could deposit these coatings on Inconel
718 below 600 degrees Celsius. Two are more likely capable of depositing the low wear
coatings: BIRL (Basic Industry Research Lab) and Commonwealth Scientific.
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TESTING THE FROZEN SCREEN MODEL OF ATMOSHPERIC TURBULENCE
AND
AN INTERFEROMETER DESIGN FOR MEASURING ATMOSPHERIC
TURBULENCE NEAR GROUND LEVELS

Jeffrey Foster Friedman
Assistant Professor
Department of Physics
University of Puerto Rico - Mayaguez campus

Abstract

Atmospheric turbulence is responsible for scattering of the light that makes it’s way through the
atmosphere and therefore deteriorates the observations being made by any astronomical instrument. This
study designs a triple coincidence experiment to test the frozen screen model of atmospheric turbulence
and determine if we can put in place an interferometer or equivalent system that will measure the
atmospheric turbulence in the near field. Various types of interferometers have been considered including
the Fabry - Perot and the Mach - Zehnder arrangements. Other design considerations include the path
lengths necessary for detection of small changes in the index of refraction of air. light sources and
positioning of the interferometer.

The “frozen” screen model is to be tested to determine if it can be used as a predictive tool. If the
turbulent disturbances travel as a frozen screen it should be possible to sample them upstream of a
telescope and apply corrections in real time; or if this is not possible then downstream of the telescope for
post detection corrections. We propose to build an ‘Amato’ (one arm in vacuum) Mach-Zehnder type
interferometer with physically cbupled arms that expand and contract together to null any pathlength
changes in the system due to changes in the apparatus. This is to insure that all phase shifts in the fringe
pattern are due to changes in the index of refraction of the air in the open arm, see section *. We propose
to use two identical setups in an upwind/downwind configuration and check for time delayed coincidences
in the fringe patterns. In parallel we propose to run a very high resolution Fabry-Perot Interferometer and
very sensitive Microbarograph and do similar coincidence studies to see if any or all methods are useful in

detecting and predicting atmospheric fluctuations.
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TESTING THE FROZEN SCREEN MODEL OF ATMOSHPERIC TURBULENCE
AND
AN INTERFEROMETER DESIGN FOR MEASURING ATMOSPHERIC
TURBULENCE NEAR GROUND LEVELS

Jeffrey Foster Friedman

A. Introduction. It is common knowledge that most. if not all, astronomical observations done on earth
are affected by turbulence present in the earth’s atmosphere. In fluid mechanics the motion of a liquid or
gas is considered to be turbulent when it’s velocity at any point is fluctuating in magnitude and direction
in a chaotic and random manner. Furthermore what distinguishes turbulence from wave action is the fact
that turbulence leads to increased rates of transport of heat, momentum and other properties like salt or
water vapor [ref. 1]. The stability of density gradients can greatly modify turbulence and the transport that
it produces and so can compressibility and electrical conductivity.

Atmospheric turbulence, which is the main concern of this study, is considered by meteorology as small
scale motion. It’s two major causes are: 1) mechanical turbulence due to the rapid change of large scale
wind, and 2) heat convection, caused by heating from below or cooling from above, [ref. 1]. There are
three regions in which turbulence is most important. these are: 1) near the ground. 2) in convective air
flow, and 3) turbulence occurring in clear air between 25,000-40,000 feet, known as clear air turbulence
(CAT). 1t is also important to notice that atmospheric turbulence is affected by natural factors. For
exaxhple on a windy day turbulence is stronger near the ground and will therefore be dependent on wind
velocity. this type of turbulence is stronger over rough terrain. Convection will increase the turbulence in
the daytime and will suppress it at night.

The effects of turbulence are many, first it affects the distribution of the meteorological variables by its
ability to produce vertical mixing which is weakest near the ground: therefore we encounter the strongest
turbulence gradients immediately above the surface. It also has a marked effect on light that makes it way
through the atmosphere, since the index of refraction of the atmosphere, even at a given wavelength, is
not constant because the atmosphere’s density and temperature are not constant. Some of the reasons why
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atmospheric density is not constant are its decrease with altitude, heating by the sun, and turbulent wind
flow. This creates localized changes in the index of refraction for different layers in the atmosphere
which causes rays of light to be refracted.. Turbulence also creates irregular patches of temperature and
moisture which in turn produce scattering of the electromagnetic and sound waves that go through it. For
optical observations this effect creates a lot of trouble. When a telescope looks through an isoplanatic
patch ( a patch of the atmosphere where the angular size of a single atmospheric coherence cell is
determined by the physical size of the cell and its elevation [ref. 2] ) within a turbulent region the light is
affected more or less uniformly. But if the telescope looks through patches sweeping by the effects of the
different patches are combined and the visual image is deteriorated. Although this effect diminishes with
increasing wavelength it still affects observations made in the visible and near to mid infrared range of
the electromagnetic spectrum.

All of the above effects combine to degrade the image being observed by producing scintillation,
“quivering”, image motion and scattering. Several modern adaptive optics systems have been created to
solve or at least diminish this problem, for example by using a laser beam to create an artificial beacon in
the sky that serves as a guide star and measuring the effect of the atmosphere on the light from the guide
star to adjust a deformable mirror to conjugate this effects [ref. 3]. The high cost and lack of availability
of this system is one of it’s biggest constraints. Other systems are available or under development
[ref.13] but all suffer frorﬁ similar drawbacks.

The issue we would like to address is the problem of light starvation. Since our method of
correction does not use any light gathered by the telescope or have any elements in common with the
telescope it does not use any of the photons available to the system and then lower it’s sensitivity.

There have been many studies that have measured atmospheric turbulence at different locations
and their findings are reasons to fuel the purpose of this project. For example, one of those used an
acoustic echo sounder to measure the turbulence above Air Force Maui Optical Station (AMOS) and
found that most of the optical turbulence above this site is in the first 7.5 to 100m above the ground [ref

5]. Another study performed at the Infrared Spacial Interferometer (ISI) located on Mt. Wilson, California
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found that 20% of the fluctuation power observed from a star is caused by close ground turbulence.
Furthermore, for t=100 seconds in the observations in that study 12% of the fringe fluctuation (temporal
changes in the interference pattern of the light combined from the two telescopes of the interferometer)
occurs close to the ground, specifically a few tens of meters from the ground [ref 8]. These among others
are all facts that point towards the development of an instrument that can measure the atmospheric
turbulence concentrated near the ground, and can do so without damaging the medium being measured or
creating more turbulence.

B. Purpose

The purpose of this study is two fold: to determine if the frozen screen model of atmospheric
turbulence is valid and. if it is, to design an interferometer, or equivalent system, that will be able to
measure the atmospheric turbulence that is present near a telescope and which degrades the irradiance
that is being observed. Then the interferometer can relay this information to the telescope so it can correct
for the (image) degradation produced by the turbulence. Since 50 to 70 percent of the atmospheric
turbulence that affects astronomical observations is located in the first 50 to 100 meters above the ground,
a regime known as the surface laver of the atmosphere, the interferometer will be designed with the
objective of measuring this part of the atmosphere as it will prove to give the best results for imaging
correction. As an adjunct to our consideration of a vertically sampling interferometer we propose to test
two other methods that will be simpler to implement The first is telescope level sampling with a Fabry-
Perot interferometer of fluctuations in the index of refraction of the air traveling over the telescope and the
second is to use a microbarograph that will sample total column variations of pressure over the telescope
which we hope to be able to translate into a correction. We will test these methods using coincidence
techniques with the dual interferometers; and wind speed and direction monitors.

The most important characteristic that the system should posses is the ability to relay it’s information
in real (or near real) time so the telescope may benefit from the information nearly instantaneously. This
is something that couldn’t be achieved by many of the atmospheric turbulence measuring devices seen
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before because they needed to gather the information and then analyze it [ref 4.5]: a process which takes
too much time for our purpose.  However this may prove to be unreasonable and post observation

corrections may still be necessary.

C. Considerations for Experimental Design

The atmosphere is a random medium whose behavior is hard to predict but has been studied quite
extensively. The Kolmogorov model provides a means of understanding turbulent behavior and tells us
that the small scale structure of motion has the property of being locally homogeneous and isotropic
[ref6). Although the details of this hypothesis are not important to us at this time Taylor’s “frozen screen”
model is. Taylor’s hypothesis tells us that for a stationary and homogeneous random field f(r, t) where r is
a point in space and t is time, whose time changes are associated with a translation of the spatial field
distribution with a constant velocity v, and that this translation does not include any mixing ( therefore a
“frozen” field), then

f(r,t+t)=f(r-vt’ 1)

where v can be taken to be the mean wind velocity with which the field f ( r ) is being transported [ref 6].
Therefore if we were measuring the atmospheric turbulence in two different points. point A and point B,
where B sits downstream from A in terms of wind direction, we would expect to find the same
atmospheric turbulence at point A as at point B if the Taylor’s hypothesis holds.

The first part of this project will consist of the testing of the “frozen” screen model. This is crucial at
this point because if we find out that the “frozen” screen model is not valid, like in other experiments ( for
example ref. 8), then there is no purpose in building this interferometer because then the turbulence the
interferometer measures will not be the same one that is going over the telescope and the corrections that
the telescope makes will not be valid. In order to test the “frozen” screen we intend to use two
interferometers which will most likely resemble the final design except may be on a smaller scale, and
place these interferometers in a similar positions as points A and B in the above example. This will
confirm if the atmospheric turbulence we measure with the first one will be the same that we measure
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with the second. We will put a Fabrv-Perot and a microbaograph at one of these positions to test alternate
approaches to the same correction. An important remark is that this experiment will eventually have to
be done at the site of the telescope since turbulence varies with surrounding terrain and while on some
locations or systems the Tavlor model is not valid on others it often is, as seen in ref. 12. This is one
reason we have designed a triple coincidence experiment to check the frozen screen model. the Fabry-
Perot and microbarographs will be much simpler and more transportable and if we can show that they
produce similar results to the larger interferometer testing at observing sites will be much simplified.

The “Amato” Interferometer will initially be built as a bench model to test the null hypothesis of
equal arm length changes. Referring to figures 1 and 2; the optics of the open arm of the interferometer
will be rigidly coupled to the evacuated light pipe under the assumption that expansion and contraction of
both arms will be the same thereby nulling any phase change due to physical dimensional changes in the
system. If this proves possible the field model will be constructed with most of the vacuum system, light
source and detection system below ground surface level to reduce perturbing the air flow through the
second (down wind) interferometer.

A few designs have been theorized and the first of these is shown in fig. 1. [Another can be seen in fig.
2 On page 10] It is a division-of-amplitude interferometer with a very simple design that consists of the
light, after passing through the beam splitter, being divided into two rays by the wedge in the middle of
the interferometer and then being reflected by the respective mirrors in lines @ and 5. The interference
pattern being recorded by the detector. The most important part of this design is that line  is exposed to
the atmospheric turbulence and line 5 is protected by being in a evacuated light pipe. What we hope to
accomplish with this design is to have line b so well protected that any shift we see in the fringe pattern

must be caused by the change in index of refraction of the medium through which line @ was traveling.
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\4\———4 2

evacuated pipe

Detector

Fig. I - General interferometer design _for testing "frozen screen” model, where a is
the arm that is exposed to turbulence and b is the reference fine.

We will need to insure that physical pathlength changes are identical in both arms. We plan to do this, as
mentioned above, by making the evacuated pipe the mounting structure for the optics in arm a
Subsequently if we measure the fringe shift we can determine the amount of atmospheric turbulence, as
represented by the change in the index of refraction of the air, by calculating the change in the light’s
optical path as a result of the light in line a passing through the turbulence. In order to maintain line b as
controlled as possible a vacuum system will be desirable for thermal and pressure isolation; although a
vacuum system introduces many variables of its own. It may even be buried so it is not affected by the
wind and temperature variations can be better controlled. If burying the line proves to be successful a
vacuum system may not be needed and a sealed ( to isolate pressure changes) light pipe may suffice. As
we said before since this design is to test the “frozen” screen it will require another interferometer just like
this one but further down the wind direction, to make the same measurements and then use a correlation
function for the data taken by both. The Fabry-Perot and differential pressure transducer will be run in
parallel and similar cross correlations will be done. We will look for similar disturbance patters in each

data set with time delays relating to the distance between the instruments and the wind speed.
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Calculations have been made to have an idea of what physical path length the interferometer arms
should have in order to see a half or quarter of wavelength change in the fringe pattern. These
calculations have been done for different laser sources which include a He-Ne laser at .6328 microns, a

CO2 laser at 11.1 microns and a blue laser at 442 and 488 nm. The index of refraction for a temperature

of 15°C and pressure of 760 mm Hg was calculated using the formula [ref 9]
(ys760-1) 107 = 2726.43 + 12.288/( 32 X 10%) +0.355/ (»* X 107¢)

where . is the wavelength, and the Barrell and Sears equation was used for the change of the index of

refraction with temperature and pressure fref 10]
fp - 1= (s - 1) [p(1+ B1p)(1 + 1501)] / 760 (1 + 760 B1s) (1 +aT)

where T = temperature
p = pressure
o = 0.00366

BT =(1.049 -0.015 T) 10®
B15=0.813 x 10

The physical path length needed according to the wavelength and change in index of refraction is given
by the formula X = 0.5 % / An where a variation of 0.01°C was used. These calculations resulted in the

value of approximately 584 meters for the COz2 laser, 33 m for the He-Ne laser, 0.624 m for the 442 nm
blue laser and 1 m for the 488 nm blue laser. What these results mean is that, for example, if we used a
CO, laser to see a half wavelength change in the fringe pattern the interferometer arm will have to be 584
meters long. Although this is not impossible it will not be convenient either; a He-Ne laser will be more
convenient and then you can make the interferometer arm 5m and have the light bounce back and forth
between the mirrors six times. In any case it would be most appropriate in the test phase to have the
actual length (as opposed to the folded length) of the exposed arm approximately equal to the isoplanatic
patch size at the appropriate wavelength.

This type of arrangement is shown in figure 2 which also demonstrates the other type of interferometer
in consideration which is a Mach-Zehnder type of interferometer. As you can see in the figure the beam
goes through a beam splitter and is divided into the two arms of the interferometer, one which is shielded
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by an evacuated light pipe and the other arm that will pass through the turbulence. In both arms you can
see the multiple reflections of the light as described above and then the beams recombine at the second
beam splitter and the interference pattern is captured at the detector. The arms need be equal only within
the coherence length of the light source. With a laser source this is easily accomplished.

Additional experimental considerations address the time scale of the fluctuations which are of
order 1 ms. Optical detectors routinely operate at much shorter time scales and consequently will present
little problem for either the “Amato” Interferometer or the Fabry-Perot. We have found differential
pressure transducers (off the shelf) with response times of 1-2 ms and accuracies of greater than one part

in a million (up to 1 part in 10%) and we feel these will be sufficient for our purposes.

Summary:We have designed an experimental procedure to test the “frozen screen” model of atmospheric
turbulence. To do this we have also designed an (Amato) interferometer with one arm under vacuum
rigidly coupled to a parallel arm that will sample the air. The interferometer design will be bench tested
and then (hopefully) set up in the field as two instruments in an up wind / down wind configuration in
conjunction with 2 microbarograph and Fabry-Perot Interferometer. The data will be cross correlated to
see if there is a significant time delaved signal that relates to (distance of separation/wind speed) thus
“proving” the frozen screen. If this is proven the experiment will be repeated with a vertical separation of
the Amato Interferometers of order 50 meters; once again in coincidence with the microbarograph and
Fabry-Perot. This will sample the near earth turbulent layer passing over a hypothetical observing
instrument. It will require careful preparation to avoid adding turbulence to the field of view of a
telescope, but if the frozen screen model proves correct the vertical sampling can be carried out downwind
of the observing instrument. The principal reason for testing the microbarograph and Fabry-Perot is that
they are less intrusive more mobile instruments and will cause less interference and prove more versatile
in the observatory environment. In consideration of the geometry of 'observing off vertical one must
envision an array of instruments that can sample the air path of the incident light.
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ULTRAWIDE-BAND MICROWAVE EFFECTS TESTING
ON AN ELECTRONIC SYSTEM

John A. Guthrie
Assistant Professor
Department of Physics
University of Central Oklahoma

Abstract

Two ultrawide-band, high power microwave sources have been used to study the susceptibility of
a particular electronic system to functional upset during irradiation. Both sources provided pulses with
sub-nanosecond widths. Three distinct values of the peak electric field were achieved using the two
sources; the peak field amplitudes at the test object scaled in the ratios 100:71:17. Pulse repetition
frequencies were varied from 100 Hz to 60 kHz. The system under test demonstrated susceptibilities
within this range of field amplitudes and pulse repetition frequencies, but reproducibility was poor. It
appears that the poor reproducibility can be ascribed to differing conditions within the system under test at
different points in time. In spite of the scatter in the test data, the general trend of the results will provide
important insight into the response of the test system under ultrawide band microwave irradiation.
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ULTRAWIDE-BAND MICROWAVE EFFECTS TESTING
ON AN ELECTRONIC SYSTEM

John A. Guthrie

1. Introduction

The Air Force is presently interested in the effects of high power microwaves on particular
electronic systems, both foreign and domestic. Intensive efforts have been mounted in the design and
construction of microwave sources and in quantifying microwave effects. In particular, work in this field
has been ongoing at the Air Force Phillips Lab for over a decade, with the resulting production of several
generations of sources and the testing of effects on numerous electronic systems of interest. This report
describes procedures and general results of effects testing on a particular electronic system using two
ultrawide-band (UWB) microwave sources. An ultrawide-band source is one for which the emitted
radiation has, in the frequency domain, a bandwidth which is greater than 25% of the center frequency of
the band.'

In UWB microwave effects testing on electronic systems there are several parameters of the
incident microwave field which can normally be varied and which are often important in producing an
effect on the system. Some of these parameters, such as the center frequency, bandwidth, and pulse
duration, are characteristic of the UWB source employed in the testing, and are typically not easily varied.
Other parameters, such as the microwave electric field amplitude, the pulse repetition frequency, the field
polarization, and the angle of incidence of the radiation with respect to some axis of the test system, are
more easily varied. Most UWB sources do not allow simple variation of the output pulse peak amplitude,
but some control over the field amplitude at the target may be exercised by changing the antenna-target
distance. In this work the configuration of the test facilities, the design of the UWB sources, and the nature
of the system under test made variation of the field polarization and radiation angle of incidence either
difficult or superfluous. Therefore, in this work the only parameters which were varied were the
microwave pulse repetition frequency (PRF) and the amplitude of the electric field at the system under test.
In this work the electric field amplitude for one ;)f the UWB sources was allowed to assume two unique

values by changing the antenna-to-test-object distance. The peak amplitude of the electric field at the test
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object was measured to be about 100 (arbitrary units, A.U.) and about 71 A.U., respectively, at the two
distances. The antenna-to-object distance for the second source was not varied; the field amplitude at the
test object was measured to be about 17 A.U. for this source.

Variation of the PRF can, in general, cause a functional effect in an electronic system in one of
two ways. First, a functional effect may be generated in a particular system due simply to the increased
power absorbed by the system with increasing PRF. In this case, the effect will occur at some threshold
value of PRF and will persist for higher PRF’s. A second type of effect may occur only when noise pulses
generated by the radiation within the system occur at some characteristic frequency of the system itself. In
this case the testing will indicate a “resonance” in the response of the system with changing PRF. In other
words, an effect will be observed over some range of frequencies, but will not be observed at PRF’s
outside this range. Detailed knowledge of the functionality of the system under test can often be used to
predict these “resonances”.”” In this work the PRF’s for both UWB sources were varied over their
operational range, encompassing values from 100 Hz to 60 kHz.

The system under test demonstrated susceptibilitics to UWB microwave radiation at field
amplitudes within the range from 17 A.U. to 100 A.U., and over the PRF range from 100 Hz to 60 kHz.
As is often the case in effects testing, reproducibility during this series of tests was poor. In the testing
reported here, it is most likely that conditions within the system under test at the time of irradiation
determined whether a functional upset occurred. In spite of the problems encountered with reproducibility,
the general trend of the test results provide useful information regarding microwave effects on this
particular electronic system. Section 2 of this report will describe the facilities, equipment, and procedures

used during the testing. Section 3 will discuss results, and Section 4 will provide a summary.

2. Test Facilities, Equipment, and Procedures

The system under test was irradiated in an anechoic chamber with dimensions 6.1 m x 6.1 m
x 12.2 m. Foam cones impregnated with carbon were mounted on the chamber walls, floor, and ceiling to

provide microwave absorption. The purpose of the anechoic chamber is to provide an environment for
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which the system under test is irradiated by a plane wave, with negligible irradiation by reflections from
the room’s surfaces.

The two microwave sources used for this series of tests were designed and built by personnel at
the US Army Missile Command (MICOM) and its contractors, primarily BDM Technology. The sources
are called by the names SLS-2B and IG-1C; the former is a high peak power source while the latter is a
high average power source. The SLS-2B source uses a bank of lead acid batteries, providing 600 V, as the
primary power supply. This voltage is switched into a pulse commutator assembly using a silicon-
controlled rectifier. The commutator assembly consists of saturable core reactors (magnetic switches) and
capacitors, and it serves to shorten the voltage pulse from the SCR. The voltage pulse encounters a voltage
step-up transformer at the end of the commutator assembly. The pulse is then further shortened in the
compression head of the source, also consisting of magnetic switches, capacitors, and a step-up
transformer. After the pulse leaves the compression head it is sharpened and amplified by a coaxial line in
which the inner conductor is uniformly tapered toward its end. The pulse rise time is shortened in a ferrite
shock line. The shock line is a flowing-oil cooled coaxial assembly in which the inner conductor is
encased in ferrite tubes. At the exit from the shock line the pulse has a width of less than a nanosecond,
and a rise time of about 200 ps.

The pulse from the shock line is fed to a TEM homn using an impedance-matching coaxial
assembly, which is insulated and cooled with flowing oil. The antenna plates diverge at an angle of 14°,
and the plates are separated by about 80 cm at the horn exit aperture. The space between the plates is filled
with a closed-cell foam to provide mechanical stability. The antenna has a numeric gain of about 2.5. The
emitted wave is linearly polarized with the electric field oriented vertically. The SLS can operate for many
minutes at a pulse-repetition frequency (PRF) of 100 Hz. It can provide a five-second burst at a PRF of
1 kHz, and a two-second burst at its maximum PRF of 7 kHz.

The IG-1C source was designed by MICOM to provide high average power by increasing the
pulse repetition frequency. Its design is similar in many respects to the SLS. The primary power for the
IG is derived from a commercial high voltage DC supply which provides 600 V. This voltage is switched

in the pulse commutator assembly by a commercial insulated-gate bipolar junction transistor (IGBT),
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capable of switching 1200 V at 600 A. The pulse commutator assembly for the IG performs the same
function as for the SLS, shortening and amplifying the pulse using magnetic switches and capacitors. The
pulse passes through a step-up transformer and is further sharpened in a pulse compression head, also using
magnetic switches and capacitors. The pulse amplitude is increased by a stacked coaxial line transformer,
consisting of five lengths of coax. The pulse proceeds through a ferrite shock line in order to reduce the
rise time, and then passes to the same TEM horn described above; the emitted wave is vertically polarized.
The voltage pulse at the antenna input has a rise time of about 200 ps, and a width of less than a
nanosecond. Many of the components of the IG are cooled by rapidly flowing oil; the oil is cooled in turn
by an air heat exchanger. Careful thermal engineering allows the IG to operate at PRF’s as high as 60 kHz
for two seconds and at 18 kHz for many minutes.

A critical parameter in UWB microwave effects testing is the peak magnitude of the electric field
at the position of the system under test. It is common practice to measure the field at several points in
space in the absence of the test object before testing begins; this process is termed field mapping. In this
work testing occurred, and the field was mapped, under three different conditions, (1) using the SLS source
with the test object located 5.7 m from the antenna, (2) using the SLS source with the test object located
7.7 m from the antenna, and (3) using the IG source with the test object located 5.7 m from the antenna. In
each case the electric field waveform was measured at the positions indicated above, plus eight other
positions in a horizontal plane; the results of these measurements will be discussed in Section 3.

The electric field probes used in this work measure the time derivative of the free-field electric
displacement; they are commonly called D-dot probes. One probe, with 1 cm® cross section, was
physically mounted to the antenna, and a second probe, an ACD-11 (3 cm? cross section), was mounted on
the stand used to support the test object. The probe mounted on the test stand was used to map the field,
and it remained in place during testing as the primary field diagnostic. The positive and negative outputs
from the primary D-dot were both attenuated by 6 dB and connected to a Prodyne 100G 10 GHz balun.
The probe signals were carried from the balun, through the wall of the anechoic chamber, and to an EMI-
shielded screen room using half-inch foam flex cable. The D-dot mounted on the antenna served as the

primary trigger for data acquisition during field mapping and during testing. All cables, baluns, and
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attenuators had been previously calibrated using a network analyzer so that their frequency-dependent
attenuation of the recorded signal could be corrected by the data acquisition software. In order to carry out
these corrections the temporal signals from the D-dots were Fourier-transformed, the corrections were
applied to the transforms, and the inverse transforms of the results were taken.

For field mapping purposes, the signal from the ACD-11 was recorded using a Tek SCD5000
digitizer; the SCD5000 has a maximum digitization rate of 4.5 GHz. The signal from the antenna D-dot
was recorded by a second SCD5000. In order to ensure that both digitizers were triggered on the same
UWB pulse, a pulse from the antenna probe was conditioned using a Tek 7104 oscilloscope. The trigger
output from the 7104 was directed to an SRC 535 delay/pulse generator, whose output in turn was used to
arm both SCD5000’s after a preset delay; the pulse immediately following the delay was recorded by both
digitizers. The delay could be tailored so that the digitizers recorded pulses at some frequency on the order
of a few hertz, with the UWB sources running at several hundred or several thousand hertz. The recorded
signal was transferred to the data acquisition computer, a Gateway Pentium 100, using the Hewlett-Packard
General Purpose Interface Bus (GPIB) protocol. The data acquisition software, written by Voss Scientific,
provided archive capabilities, correction for the attenuation by elements in the signal path, and a Fourier
transform function in order to examine the frequency content of recorded signals. All electric field values
reported here correspond to the value of the negative peak of the pulse.

During UWB effects testing on the system of interest, the signals from both D-dot probes were
recorded in a similar manner. For this series of tests the test object was subjected to three-second bursts of
radiation at the desired pulse repetition frequency (PRF), with roughly thirty seconds separating each burst.
For each burst, three samples of the free-field and antenna waveforms were recorded by the data
acquisition system. The free-field D-dot was mounted about 40 cm below the test object during testing.
The conditioned trigger signal from the Tek 7104 was also used to clock a Hewlett-Packard 5245 pulse
counter so that the total number of “good” pulses within a burst was recorded; this procedure helped to
identify dropped pulses or misfires from the sources.

The test object was instrumented with a telemetry package for transmission of several critical

signals using a fiber optic cable. The analog signals were digitized within the test object itself, the
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digitized data were transmitted over the fiber, and the signals were converted back to analog form inside
the shielded screen room. The signals were monitored using Tek 2440 100 MHz oscilloscopes and a
Graphtec DMS1000 data management system, which provided a stripchart output. A functional upset
within the test object under UWB microwave irradiation was clearly indicated by the monitored signals.
The test object also required significant support equipment, both inside and outside the anechoic chamber,
in order to function as designed. Test conditions were intended to produce as closely as possible a
“normal” environment for the system under test.

Microwave pulse repetition frequencies were varied from 100 Hz to 7 kHz using the SLS-2B
source, and from 100 Hz to 60 kHz using the IG-1C source. Repetition frequencies in general were
increased in increments of 100 Hz from 100 Hz to 2 kHz, in increments of 1 kHz from 2 kHz to 10 kHz,
and in increments of 5 kHz from 10 kHz to 60 kHz. There was reason to suspect that the system under test
would be especially susceptible at a particular characteristic frequency and its harmonics, so these

frequencies were explored thoroughly during the testing period.

3. Test Results

The field maps for the three different UWB irradiation conditions employed in this work are
shown in Tables 1, 2 and 3. The nine positions in space for which the field was measured were laid out on
a horizontal grid with 0.5 m between adjacent points. The tables report the peak magnitude of the electric
field in the arbitrary units introduced in Section 2. During testing the system under test is centered within
the area of the map. The field map values of the electric field recorded for the SLS source at close range
(Table 1) are lower than the values measured during testing by about 30%; it appears that the batteries
supplying power to the source may have been weak during the field mapping process. During testing the
peak electric field at the test object consistently achieved values near 100 A.U.. The relative values of the

fields reported in Table 1 are nevertheless believed to be reliable.
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61 65 60

67 71 66

73 78 72
(toward the antenna)

Table 1. Field map for the SLS-2B source, close range. Field amplitudes are expressed in arbitrary units.
The points are located on a horizontal plane, and adjacent points are separated by a distance of 0.5 m. The
central point was located ~6.2 m from the antenna. During testing field amplitudes were consistently near
100 A.U. using the SLS-2B source at this range.

62 65 63
65 68 66
68 74 70

(toward the antenna)

Table 2. Field map for the SLS-2B source, long range. Field amplitudes are expressed in arbitrary units.
The central point was located ~8.2 m from the antenna.

16 17 15
17 19 17
19 20 19

(toward the antenna)

Table 3. Field map for the IG-1C source. Field amplitudes are expressed in arbitrary units. The central

point was located ~6.2 m from the antenna.

Figures 1 and 2 show the electric field waveform and the amplitude spectrum, respectively, for a

representative pulse from the SLS-2B UWB source. The amplitude in Figure 2 is expressed in arbitrary

units, but they are proportional to V/m-Hz. Figure 2 is derived from the Fourier transform of the voltage

waveform, Figure 1. Figures 3 and 4 show the same data for a representative pulse from the IG-1C source.
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Figure 1. Representative pulse from the SLS-2B source. This plot represents the free-field waveform
recorded by the D-dot. The digitized waveform was Fourier transformed, and the transform was corrected
for attenuation by all components in the signal path. The plot is the inverse transform of the corrected data.

Log Amplitude (A.U.)

Frequency (Gib)

Figure 2. Amplitude spectrum of a representative pulse from the SLS-2B source. This plot is derived from
the Fourier transform of Figure 1. The ordinate has arbitrary units, but they are proportional to V/m-Hz;
the ordinate has a logarithmic scale.
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Figure 3. Representative pulse from the IG-1C source. This plot represents the free-field waveform
recorded by the D-dot. The digitized waveform was Fourier transformed, and the transform was corrected
for attenuation by all components in the signal path. The plot is the inverse transform of the corrected data.
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Figure 4. Amplitude spectrum of a representative pulse from the IG-1C source. This plot is derived from
the Fourier transform of Figure 3. The ordinate has arbitrary units, but they are proportional to V/m-Hz;
the ordinate has a logarithmic scale. '
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As discussed in Section 2, the system under test was exposed to bursts of UWB radiation at
selected pulse repetition frequencies for three-second intervals of time, with roughly thirty seconds
between bursts. The telemetered signals from the system under test were monitored for evidence of a
functional upset during and following the UWB burst. Three different test conditions were employed, as
discussed earlier: (1) using the SLS source with the test object located 5.7 m from the antenna, giving a
peak field amplitude of ~99.7+3.1 A.U. (2) using the SLS source with the test object located 7.7 m from
the antenna (field amplitude ~71.1£2.4 A.U.), and (3) using the IG source with the test object located 5.7 m
from the antenna (field amplitude ~16.5+0.39 A.U.). As noted in Section 2, the pulse repetition frequency
was varied from 100 Hz to 7 kHz for the SLS source, and from 100 Hz to 60 kHz for the IG source.

Over the range of electric field amplitudes from 17 A.U. to 100 A.U. and the PRF range from
100 Hz to 60 kHz the system under test demonstrated susceptibilities to functional upset. Unfortunately,
reproducibility for this series of tests was poor. The most likely explanation for poor reproducibility is that
conditions within the system under test were not identical for each burst at a particular PRF and field
amplitude, in spite of attempts to exactly reproduce all experimental conditions. Furthermore, it appears
that, depending upon the state of the test object at the time of irradiation, the field amplitudes used in this
series of tests were only marginally sufficient to produce a functional upset. Nevertheless, the results of

the testing show some general trends which will be of use to both experimentalists and analysts.

4. Summary and Conclusions

An electronic system of interest to the Air Force has been tested for susceptibility to functional
upset under UWB microwave irradiation from two sources. One of the sources provided a maximum peak
field amplitude at the target position of about 100 A.U. at a maximum PRF of 7 kHz, and the other
provided a maximum amplitude of about 17 A.U. at a maximum PRF of 60 kHz. Telemetered electronic
signals from the system under test were monitored for evidence of functional upset. Electric field
waveforms were measured using D-dot probes.

Under the parameter range of electric field amplitudes and pulse repetition frequencies used in this

series of tests, the electronic system under study demonstrated functional upset. However, reproducibility
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of the upset under “identical” conditions was poor. The most likely explanation for this observation
appears to be differing conditions within the system under test even when external conditions were
| : carefully reproduced. In spite of the scatter in the data, the testing produced important results in terms of
general trends for susceptibility of the test object to functional upset. These trends will be of use to

| experimentalists in the design of future tests and to analysts engaged in modeling efforts.
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George W. Hanson
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Abstract

The work reported here relates to the electromagnetic characterization of a general
dielectric target. The motivation for the problem is the detection and identification of a buried
dielectric mine. An eigenmode expansion method (EEM) is developed for dielectric bodies
residing completely within a homogeneous region of a generally inhomogeneous medium. The
representation follows naturally from the EEM method previously developed for perfectly
conducting bodies, including those with impedance loading. For the latter class of objects, the
presence of loading shifts the eigenvalues from those of the unloaded case, but leaves the
eigenmodes unchanged. It is observed from the governing integral equations that the dielectric
body can be considered as a loading of the background space. As such, eigenmodes of
homogeneous isotropic bodies are found to be independent of the material comprising the body,
with eigenvalues dependent upon the material’s characteristics in a simple fashion. Formulation
of the eigenvalue problem is described for general dielectric bodies, and the EEM is applied to
an infinite slab problem to demonstrate the method.

The EEM provides information concerning the effect of the external environment on
the electromagnetic behavior of a dielectric target, and characterizes a target by a means which
is independent of the material comprising the target. This may facilitate the development of
detection technologies based on an object’s singularity characteristics. Another, related project
concerning the resonances of dielectric targets was also completed during the AFOSR Summer
Faculty Research Program period. Due to space limitations, the results of that project are not
included here, but may be found in Interaction Note 520,

1G.W. Hanson and C.E. Baum, "Perturbation Formula for the Internal Resonances of a
Dielectric Object Embedded in a Low-Impedance Medium," Interaction Note 520 (Phillips
Laboratory Note Series, Kirtland AFB), Aug. 1996.
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I Introduction

In this report, the eigenmode expansion method (EEM) previously described [1]-[3] is
developed explicitly for dielectric bodies residing within a single homogeneous region of a
generally inhomogeneous medium. The motivation for the problem considered here is the study
of dielectric targets buried in the ground, such as a dielectric mine.

The EEM developed previously, and principally applied to perfectly conducting objects,
has been found to be useful for a variety of problems related to object characterization, and has
a strong connection with the singularity expansion method (SEM) [3],[4]. Synthesis of desirable
object response characteristics through control of eigenimpedance values is also possible through
proper impedance loading, and is simply described via the EEM.

It should be noted that the EEM is similar to the method of characteristic modes, which
has been described for conducting and dielectric objects [5],[6]. The characteristic modes are
determined through a weighted eigenvalue equation, and for a unity weight become the same as
the eigenmodes described here. As opposed to the treatment in [6], this report focuses attention
on the fact that eigenmodes can be found which are independent of the medium interior to the
target. The separation of the relevant integral operator into target medium dependent and
independent parts was noted in [6]. In [6], though, separation of the operator in the eigenvalue
problem, which leads to target medium independent modes, was not carried out. Explicit
separation of the operator into target medium dependent and independent parts allows
classification of target modes which are only dependent upon the shape of the target and on the

medium surrounding the target, and constitutes the principle contribution of this report.

IL. Formulation of Volume Integral Equation and Corresponding Eigenvalue Problem

In the following development, all electromagnetic quantities will be assumed to obey

Maxwell’s equations in the two-sided Laplace transform domain, governed by the transform pair
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F(s)= f F(t)e Sdt
- @

Q°+jn

F(t)=%Q .F(s)e“ds
ek
where s=Q +jw, and Q,» are real quantities.

Consider the geometry shown in Fig.1, which depicts a closed surface S bounding
volume V containing a generally inhomogeneous and anisotropic medium characterized by
&(F).1,. The medium external to S is assumed for simplicity to be isotropic but generally
inhomogeneous. In Fig. 1 multiple planar homogeneous layers are shown, but the formulation -
presented here applies to a generally inhomogeneous medium. The layered exterior medium
case corresponds to the buried dielectric body problem as long as the ground can be
approximated as consisting of planar layers. In each layer, as well as internal to S, material loss
can be accommodated by defining the permittivity to be complex as e=e+ofs for real
conductivity o.

A wave impedance and propagation constant can be defined for the j-th exterior region,

v;=s[kel”?

@)
Zi = [l"'oef"_llll2
and formally extended to the interior region
¥(7) =s[p &1V
3
Z(F) = [k & (M
noting the following combinations
Y.Z, =S} ,¥'Z=fsp. R
7% Y 0 @

-1 - -1 s
Y Z; =sej,y-Z =5€é

The relationship between the electric field and an electric current source can be written
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Dielectric body in layered media.
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as
EGy)=-(Z°FF'y) ; T7) ®
where < , > denotes integration of the two terms separated by the comma over common spatial

coordinates, and the symbol above the comma indicates the real scalar product. The propagation

constant y, is mealy symbolic, and represents dependance on all of the exterior region layers,
i.e., ¥,5{YpYpYs-}. The electric dyadic Green’s function, ~Z;y(FI¥',y,), provides thea-zh

component of field at # due to the B-th component of a Hertzian current element at 7/ . In

general, the Green’s dyadic can be written as
ZEFIFy ) =swo {8FIF ) + Ly 2 0(F-F') ) ©)

where the first term is evaluated in a principle value sense for a specified exclusion volume [7].
The second term is the depolarizing dyad contribution, which depends on the shape of the
exclusion volume as well as the material properties of the region which includes theb source
current (with the appropriate value of propagation constant assigned to y). Details concerning
(6), as well as general forms of the principal value term for homogeneous and layered media
surround regions are provided in Appendix B of [8].

Next, a volume integral equation for scattering from a dielectric body completely

contained within one layer of the surround region can be formulated [9]. Let the region

containing the body be region i characterized by e;, and the region interior to S be characterized

by unsubscripted symbols (€,¥). One can replace the medium internal to S with a homogeneous

isotropic medium characterized by e; and containing unknown volume polarization currents

JEy D ={FZ " -v,Z7' T} EFx,.9)

)]
=2 (0,9 EGy §) . VFEV
where
EFy 0 =E™Fx ) +E*Git oY) ®)
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with £™ being the incident field (with the dielectric object removed) and E* is the scattered

field due to currents excited by the material contrast.

Since
Z4 ) TEY V) =EX iy ) +E°E 7 ©)
with E° given by (5), an IE is obtained as
(Z°FIFy )+ 2,00, D8E-F)  T(F v, 7)) =E™(Foy,) - 10
By suitable manipulation of (7), another form can be found as
(ZEF ) 2D T8 EF v D)) =E™F) - an

In (10) and (11), as well as in the development to follow, the IE will be enforced over a range
equal to its domain, e.g., FeV for the general three-dimensional case. The forms (10) and (11)
are equivalent, and both forms have been used for computational work in scattering theory. The
volume IE was originally proposed by Richmond [10], with subsequent work performed by many

investigators.

It should be noted that in the absence of material contrast, i.e., &=¢,I, the IE reduces

to E=E™ . It will be implicitly assumed in the following that material contrast exists to maintain

the polarization current (7).

If the exterior region is comprised of reciprocal media as assumed here, the Green’s

function involved in the above IE obeys the symmetry property
AGLAN AR AP 12

where the superscript T denotes the transpose operation. Thus, the Green’s function is complex

symmetric, but not Hermitian, for general complex frequencies. For the most general form of

the impedance dyadic Z,, a set of eigenvalue equations for (10) can be defined as
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(ZFF )+ 2,00,V 8CF) L Tyt 1) =25 (DT gy, T) )

ind PP - o Slrf]= -] - - i PR PR P
(o1 5 Z°F [FY )+ 2,00, 8G-FY) =25 (o 1Ty Fo o F)

and for (11) as

(ZFIF ) 27 D+ T8C-F) | & ) = 25 (1, DEFN,. ) 0

(@ o) 5 ZF 171 ) + 2,0 D 8EF) =250, D EE Y, T)
The left and right eigenmodes in (13) share the same eigenvalues, i.e., A{;I=)~{;’=k" , and form
a biorthogonal set,
<fp : j;/> =0 A‘g#kjy
{5+ 7g)0

and similarly for the modes in (14). Since the above implies a real inner product, and the

1s)

eigenmodes may in general be complex, the second inner product in (15) is not guaranteed to
“be nonvanishing. This is discussed in [1], where a convincing argument is made for the second
of (15).

Note that generally the eigenvalues and eigenmodes are functions of y,¥. The

eigenvalue problem for an inhomogeneous, anisotropic body is considered in more detail in

Appendix A of [8]. If we now consider the special case of a homogeneous, isotropic body, IE’s
(10) and (11) are modified by replacing Z,,Z;' with 2,T,Z;'T, respectively. The resulting

kernels are then complex symmetric, in which case the resulting eigenvalue problems become

(ZFF )+ ZDT8FF) | Jo# )= Ny oY) 16

(ZFF )2 ) T8 5 8 1)) = MY, EFY)

since j’ ; =7 g =5 B for the symmetric case, and similarly for the other mode set. The eigenvalues

A’g‘ depend upon v,,y, but the eigenmodes 7, s-€g only depend upon the exterior region through
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705{71,72,73,...}, and the shape of the object. The last observation follows from the spectral

mapping theorem.

It is easy to show that the mode sets are related by

‘ an
My=2,14
in that with those substitutions the first of (16) becomes equal to the second, and vice versa.

This is also consistent with the fact that ).’g should have dimensions of ohms [1], since (10) maps

currents to electric fields, whereas A should be dimensionless since (11) maps electric fields

to electric fields. For purposes here, attention will be primary directed at the first of (16), with

results obtained being generally applicable to the second of (16) as well.
To be consistent with earlier notation [1], let A’g =Z, and note that rather than (16), we

can solve
(ZGFIF'v) 5 7o 1)) =23 )Ty Fx ) as)
and obtain the eigenvalue as

Zp(Yo:Y) =Z:(Y0) + Zd(YpY) a9

where Z(y,y)=(yZ™'- in,.'l) =s(e -e) provides a simple shift factor for the eigenvalues.

The significance of (18) is that one can solve an eigenvalue problem which is only
dependent on the exterior region medium and the shape of the body, independent of the type of
medium internal to the body. Explicit dependance on the interior region medium only comes
from the shift in the eigenvalue through the term Z(y,y), which only depends on the object’s
permittivity and that of the layer containing the object.

A further observation can be made for specific types of depolarizing dyad terms. If

L, =bI, such as for spherical or cubical exclusion volumes where b=1/3, the eigenvalue problem

becomes
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U LRDIIRGAR LY RCRTRAN 20)

which involves only the principle value part of the electric Green’s dyadic, and the resulting

eigenvalues are obtained as

Zo(y,¥) = soZg(¥,) +bY + Z, (1Y) - @1

III. Eigenmode Expansion Properties

The following properties of (18), the volume eigenvalue equation, follow directly from

the previous EEM development [1]. Consider the general eigenvalue problem
(ZF\Fa) 5 Ty 1)) =Ze( DTy (22)
where Z represents either Z° or g, and Z, is either Zg or Z;. It is easy to show that

GoFr) s JyTx))=0  Zy+Z . 23)

Assuming that the eigenmodes form a complete set of modes which span the domain of the

integral operator, along with the normalization
Gy ) s ToFY)) =8y 24)

then

FEv ) =Y (o) s FG ) p@,) 25)
B

where F is an arbitrary vector function in the domain of the operator. Further properties follow

immediately as

T8GF-F) =Y F G )i o) (26)
[]
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AL SYACRTRARTR A @
8

Zv ) =(7sG1) 5 ZFF ) § FeFor ) 28)
L2 0)=(7sFr) s Z2FF ) s Ty v @9
de B p » 1 de ) b p 3

T2@1) s L)) =0 30)
dy;

where 38— indicates differentiation with respect to the j-th region propagation constant.
Yj

The solution of IE (10) is

(To'p) s E™E )T @D

- 1
JGY )=
” Xa: Zy(¥ »Y)

where Z; comes from (19) with Zg‘ T, g the solutions of (18). The field scattered by the object
is

EFy 1) =-(Z°CFFy) 5 T5)

1 T oo . pginc,o 2 €rsl =, - 3 g
=-; Z,1,) (o@r) s E™Er )Y (Z°FIFy) s To®v)) 32)

_ Sho /7 .\ . ging,e ey ey
; Zg(Y,,,Y) <J sy,  E (r,‘{,)> (g(rlr ,70) v J IB(r Y o)>

=, =/

where the last relation is valid for fields outside of the object since F#r”.
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It should be noted that in formulating the eigenvalue problem (16), and in subsequent
expansions, e.g., (25), it is assumed that eigenmodes exist, and that they form a complete set
of modes which span the domain of the integral operator. Since the kernel (and associated

operator) are complex symmetric but not Hermitian, this is not guaranteed to always be correct.

For additional insight, it is helpful to consider the matrix form of the integral equation,
such as would be obtained by employing a method of moments (MoM) solution. This reduces
the IE to an NXN matrix equation. A matrix is said to be of simple structure if it is similar to
a diagonal matrix, i.e., if it is diagonalizable. If the MoM matrix has N distinct eigenvalues,
then the matrix is of simple structure and the eigenmode expansion is valid. This follows from
the fact that eigenmodes corresponding to distinct eigenvalues are linearly independent, and so
the N linearly independent eigenmodes would form a complete set. Even if the eigenvalues are
not all distinct, an N-element linearly independent set may exist, although it is not guaranteed
for a matrix lacking sufficient special properties. An important case of degenerate eigenvalues
would occur at a branch point in the complex plane, where two or more eigenvalues coalesce.
It has been conjectured that branch points may always be present when sufficient object
symmetry is lacking [11]. The occurrence of branch points may invalidate the eigenmode
expansion at certain points in the complex plane, although at other complex frequencies the
expansion would remain complete. The eigenmode expansion would remain valid even at points
of eigenvalue degeneracy if the geometric multiplicity of the eigenvalue is equal to its algebraic
multiplicity, resulting in N linearly independent eigenmodes. It is assumed here that the matrix
representation of the IE is of simple structure, such that the eigenmode expansion is valid, as
was assumed in [1]. If this is not true, a generalized expansion may still be obtained involving
root vectors [12], although this would considerably complicate the analysis. Some of these
issues are summarized in {13], and further discussion can be found in [1], [14]. Lastly, it
should be noted that for one of the examples used in [11] to illustrate the occurrence of
eigenvalue branch points, the non-uniform transmission line, the geometric multiplicity was equal
to the algebraic multiplicity for the cases checked, validating the EEM for that example.
Perhaps this will be the case for most physically realistic problems of interest, although it would

be premature to make that conjecture at this point.
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Iv. Conclusion

In this report the EEM previously developed is applied to dielectric bodies immersed in
inhomogeneous media. It is found that for the case of a homogeneous, isotropic object,
eigenmodes can be found which only depend upon the space external to the body, and the shape
of the body. Eigenvalues for a specific interior medium are related to the set of interior-
independent eigenvalues by a simple shift factor. This allows the general study of objects which
may be considered as belonging to a certain class, which is defined by object shape and

background environment, independent of the specific medium comprising the object.
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Appendix A. Eigenmode Expansion Applied to Infinite Slab

As an example of the EEM method described here, consider the problem of an infinite

dielectric slab immersed in homogeneous space, as depicted in Fig. A1. The appropriate IE is

<Z “2lz'¥) + Z, (11,7 T 8(z-2) ;f(z/,yl,yz)> =E™(z,y) (A1)
with
5 V.V \[fe?e-l] 258(z-2
Z4(z|z") = spy |1 - =2 [Te 2k J+225(Z z') (A2)
Y 2p v?

since R =R;=R;=0 for the homogeneous background environment. If the incident field is

E™(F)=pe "D (A3)

with jk, = y,sin©,, jk,=y,cos 6,, the correct transform domain field for the rhs of (Al) is e

with p, = Ji? +ky2 +yf =vy,cosf,. Integral equation (Al) becomes

(2,27 ) +Z,(v 1) 82 -2") @ v1)) = e (Ad)
with
-pylz-7'|
PN e A
Z,zlz',v) =5, T (A5)

The relevant eigenvalue problem is

‘P1‘2'2/|
<—2—— ;jp<z’,yl)> = Z3(1)Jp(z:7y) (A6)
P,

with actual eigenvalues for the object given by
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Fig. Al. Plane wave incident on infinite dielectric slab.
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Zy(¥1572) =SB Zg(¥1) +Z,(¥,5Y,)

“ Y, YY"
=squg(vl)+(—Zz——Z—l)
2 1

(A7)

The kernel of (A6) is the traditional transmission line kernel, which can be derived from
transmission line theory. The IE (A6) can be solved analytically by the method described in
[15],[16]. Taking two derivatives of (A6), with regard to the fact that the integration implicitly

omits the singular point z=z’, we obtain

d* 2). |
(Ez_z - yp] jp@=0 (A8)

where yé = p12——-1:. Boundary conditions for (A8) can be obtained by applying one derivative
2

to (A6), leading to

Js@ @1 =0
2
(A9)
Js@+pyj@)|_1 =0
2
The solution is
Jp@=e"* - Tmme e (A10)
where v, satisfies
v =BT 1P Ye) (Al1)
Pl L PitYs

In [15], various properties of the modes were determined, such as symmetry of the eigenvalues,
orthogonality of the eigenmodes, and completeness of the modes, thereby justifying the

eigenmode expansion which follows. It was also shown that the nullspace of the integral
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operator in (A6) is empty, which must be true based upon physical reasons.

Based upon an eigenmode expansion, the induced current in the slab is, from (31),

11/, 0. me\
1,@=% EZ@@& P jo@ (A12)

where
Ny =(ip@ jg@) (A13)

and
Z,=sp L, (Y157,) (Al4)

p ko 5 T4\ YY) -
P1~Yg

The backscattered field (z<-L/2) is, from (32),

Ej@)=-(Z,zlz"); ")

(A15)
v 1 1°F P2
—EN22<JS()el>e
As a check, the reflection coefficient at the slab interface is
I'= E = —E ——————<] @;e p‘z> e (A16)
E™ Ny Zg2p, *°
=-1p2

Numerical results based upon (A16) were compared to standard reflection coefficient formulas

to verify the formulation presented here.
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Wavelets and Their Applications to the Analysis of Meteorological Data
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ABSTRACT

The objective of this project was to apply wavelets and multiresolution analysis to strato-
spheric data in order to infer and extract the local turbulent structures. Local values for the
Reynolds number and the spectrum of various meteorological variables has been obtained.
Furthermore we devise an algorithm to construct and apply “data fitted wavelets” to detrend

meteorological data.
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1 Introduction

In the period between December, 1988 to February, 1989, NASA sponsored several missions
to the stratosphere using ER2 planes {1]. The main objective of these flights was to measure
the concentrations of ozone and other trace gases. However readings of other variables such as
velocity temperature and pressure were also recorded along the flight path. (These readings
do not constitute a time series per se as they were not taken at one space location. We
shall refer therefore to this data as a “space-time series”). These measurements provide us
with a glimpse about the state of the stratosphere and its structure constants. Furthermore
they enable us to examine critically some of the fundamental assumptions about turbulence
modeling.

In previous research conducted by the PI and O. Coté of Phillips Lab, spectral analysis
and turbulence modeling have been used to extract [10] averaged values for the Richardson
number Ri,C? (index of refraction structure constant), C% and others. However clear air
turbulence is thought to be concentrated in thin layers. Accordingly the computation of
local values for these structure constants is highly desirable in many practical applications
(e.g. Air Borne Laser).

Wavelets which came on the scientific scene in the last decade consists of functions with
compact support (in contrast to Fourier series). Multiresolution analysis with appropriate
wavelets can resolve in principle the ‘locality problem’ mentioned above and add a new
dimension to our understanding of the stratosphere. One of the major thrusts of this project
concentrated on the development and application of these tools to the data collected by the
ER2 mission.

However I participated also in the cloud modeling and simulation initiative at Phillips

Lab and the modeling and analysis of meteorological data from the Antarctic British station.

2 Turbulence and the continuous wavelet transform.

Fourier series expansions and Fourier transform in L?(R) use {e***} as basis functions. These

have a unique wave number but their support is R. Accordingly all local information about
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a function f is lost when we apply the Fourier transform

i) = 5= [ fmpeas.

Let ¥ be a wavelet with compact support. The L!-wavelet transform of f is defined as

flz,r) = %/_i flzw (’”I _ I) dz’.

r

Thus the wavelet transform yield a 2-D function which depend on the position z and the
scale 7.

Due to its (mathematical) properties the “Mexican Hat wavelet”

d2 2 T 2/
Y= -E(e—z ’/2), v = kP k2

is a popular choice in the literature. We used it exclusively in our analysis. Mallot and Hwang
[6 showed that singularities in f(z) produce maximums in | f(z.r) | and by following these
maximums as r — 0 one can obtain the position of the singularity. Using this multiresolution
analysis one can hope to identify (at least some) turbulent structures in a data set.

Fourier spectrum density of a function f(z) is defined as

=

Ek)==— [fk) 2. k>0

NS
2)

:

Using the L? wavelet transform

fle.r) = i [ e (252 ) e

we now define the local energy spectrum of f as

- 1 - ka\ o
E(.’L', k) o 261}60 l f (I’ k) l
where
kg = is the peak wave number of ¥

and .(
e _/0 T dk.
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Similarly the local Reynold’s number is defined as
-~ - T
Re(x.r) = u(z, r);

where v is the fluid viscosity and

] 1/2
a(x.r) = (EZ | 2y(x.r) {)

x - 2
Co= [ (§)/Kdk.
0
In this analysis the expectation is that as r approach the integral scale of the flow, the

average of Re — Re. Moreover the average of the local spectrum over all the data should

approach the usual Fourier spectrum of the data.

3 Turbulence and the discrete wavelet transform

The discrete wavelet transform utilizes a discrete set of wavelet functions ¥;5,1,7 = 1,...,oc.
In this set the translation and dilation parameters are discrete. Deubechies et al {3] showed
how to construct the functions v;; so that they form a complete orthogonal set for L*(R).
Thus for an appropriate wavelet basis we can define the wavelet coefficients

. o

fij =/ f(z)is(z)dz

-
and
f(z) = 3 fisdis(a).

However Mallot et al {6] showed that one can compute the coefficients f-ij by multiplication
with the coefficients of an appropriate filter of finite length.

When this filter is applied to a data vector of length 2" it decomposes it into a smooth
part and a detail. We can retain only the smooth part of the (transformed) data and iterate
the process to obtain the smooth-smooth part of the data and so on.

Thus from this point of view wavelets form a natural methodology to detrend meteoro-
logical data by retaining only the smooth part that is left after m iterations of the filter. In

fact after each iteration of the wavelet filter the smooth part represents the data at a larger

(coarser) scale.
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By applying the inverse wavelet transform m times on the smooth part of the data we
obtain Ty ooth- Taking the difference z — zgp (ot We obtain the turbulent residuals of the
flow.

The fundamental question one has to answer before implementing the algorithm outlined
above is how to choose “the optimal wavelet” and the number of iterations to use. To this

end Coifman et al [4] developed the following filter bank methodology;

1. Create a library of wavelet basis

o

Let d = Wr(d) be the transformed data under the action of the filter W

3. Compute the standardized entropy of d which is defined as

Ed|W,) = H(®)/H (% N %)

where H is the Shannon entropy
H(p) = =3 paln(pa).
4. Choose the wavelet from the library that minimizes E.

This procedure when coupled with a plot of the variance for the smoothed data vs. the
number of iterations enables us to answer the questions raised above about the implemen-
tation of this algorithm.

Another approach to this problem is to design an appropriate basis of “data fitted
wavelets”. We developed as part of this project an algorithm for this purpose which we

describe in the following sections.

4 Construction of Discrete Wavelets

To construct an orthogonal wavelet basis one has to find a function ¢(z) - which is called

‘the scaling function - which satisfies the dilation-difference equation
6(z) = 3_cad(2z — ) (1)
n

subject to the following requirements;
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1. [o(z)dz = 1.

2. Using suitable coefficients {a.} one can approximate smooth function in L*(R) so that

for some fixed p
| f =Y anp(2™z —n) [[< C27™ | FO ]

—
(S
~——

where f@ is the p-th derivative of f.

3. Orthogonality

We require that
6,(z) = ¥ cxo(¥z — 1) (3)

and its translates ¢;(z — m are orthogonal. That is
/c')j(:: — k)oj(z — m) = dgm. (4)
Together these conditions imply the following:
1. SSce =2
2. (-1)k%m =0, m=0,1,....p—1
3. 3 ciCk-om = 200m-

As an example we point out that the Haar function
, 1, 0<z<1 i
Po(z) = . (5)
0, otherwise

satisfies these conditions with p=1and ¢ =¢; = 1.
Another family of scaling functions is due to Daubechies. One of the functions in this

family, D4(z), satisfies eq. (1) with
1 1 1 1
w=7(1+V3), a=13+V3), e=73-V3), a=1(1-V3) (6)

Once a solution of the scaling equation is known a wavelet mother function can be defined

as

¥(z) = D_(~Dfero(2z — k) ()

\
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and a wavelet basis of L?(R) is defined by {v;x} where
Yir(z) = 270(Pz — k) (8)

Using such an orthogonal wavelet basis we can expand a function f(z) in L*(R) as
x o
flay= 2 2 amuumlz) (9)
J=—® k=-
with
o ) .
0 = / Flz)e(z — 279k dz. (10)
—o0
In practice, when the wavelet transform is applied to a discrete time series, the application

requires only the coefficients {¢;} which are referred to as the wavelet filter coefficients. As

a first step in this analysis one generates the transform matrix

Co, ¢y, Cn- -
Cn, —Cay =G
Co, Cy- Cn
C= (1)
Cns —Cnet vt —co
Cay -t vy Cn Co, C1
3 Cn42y """ —Cp Cny —Cn-t i

(Here the number of coefficients is assumed to be even).
In this context {co, ..., ¢, } is a smoothing filter while the mirror filter {c,, —c,_1,..., —¢o}
is the “detail” filter. Together these filters are referred to as “quadrature mirror filters”.

When the filter matrix C is applied to a data vector of length 27

I,

Ton
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it decomposes it into a smooth part and a detail

- -

5
dy

dm

5 Data Fitted Wavelets

In the literature of the last few years several authors constructed a large number of wavelet
bases. Each of these was found by imposing additional constraints on the properties of the
desired basis beside those enumerated in section 4. As explained above these can be used
as filters to detrend time series of meteorological observations. The fact remains however
the each of these filters bears no intrinsic relationship to the data and its properties. In
particular since meteorological data is assumed to be “scale invariant” (at least for some
range of wave numbers) it is appropriate to try to use wavelet filters that are “data fitted”.
By this we mean that in constructing these wavelets the actual gross features of the data
are taken into account. With these built in properties these filters should be better suited
to identify any spectral-spikes which are due to turbulence effects.

o accomplish this objective we observe that from an algorithmic point of view the
construction of a wavelet filter with n coefficients ¢y, -, ¢, requires n independent equations
(for reasons that will become clear later we let n = 2%). The constraints given by egs. (5)-(7)
with (let’s say) p = 1 vield only 3 +2 (nonlinear) equations. The remaining 3 — 2 equations
should come from the imposition of additional “mathematical properties” or from the data.

To construction these additional equations from the data we first create a sample of n
representative points z; = z(¢;), = 1,...,7n. The application of the yet to be found

smoothing filter S (without the mirror filter) on z = (zy,. .. ,Tn) vields a vector s of length
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n/2 which is representative of the smooth data.

Cly- -y Cn I
Sz=355=1 cn-1, ChCl-- Cne |5 8=
€3,---5 Cny €1y, C2 Sn/2

Some “generic” strategies can be used to obtain a representation of s.

1. We can compute s; by some data-smearing-smoothing algorithm. E.G. we can let
o = 2zl + Zoi
' 2

2. Compute the least squares curve f(t) (of appropriate order) to the vector z and let

_ ftaim1) + f(E2)
§; = 5

3. Apply a known wavelet filter to the whole data several times until the number of
components in the smooth representation of this data is and use these values as a

’ representation of s.

Remark: All these strategies yield 2 equations for the filter coefficients. However we can
reduce these to % — 2 by leaving out the two end point equations.

Of the strategies mentioned above the second and the third seems to be more robust and
successful. However, even for these implementations one has to be careful about the choice
of n. Small n leads to “small data input”. That is the number of equations that are data
dependent is small e.g. for n = 8 only 2 equations originate from the data. On the other
hand when n is large (e.g. n = 128) the influence of the data on the filter coefficients is
strong but we have to solve a large number of nonlinear equations.; Furthermore the set of
equations becomes ill posed (due to the nature of eq. (7)) especially if the data contains
large errors. Nevertheless in “mid-range” we were able to solve the resulting set of equations

to obtain appropriate filter coefficients.

6 Implementation and results

As part of this project we write a Fortran package to implement the algorithms described

in Sections 2, 3. The source code for this package is about 200k. In this implementation
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-

the IMSL subroutine library was used and PVWAWE-ADV. was used to obtain graphs and
visualizations of the results.
Of special interest to the meteorological community is the new possibility to plot E(z, k)(for
a fixed wave number) of a certain variable as a function of the location. This information
can be used to isolate turbulent structures and make inferences about intermittency in the
flow. Such information can not be obtained from the usual Fourier spectrum of the data.
Samples of graphs obtained from this package are given in Figures. 1-5.

We plan to publish these results in a forthcoming paper.
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SHAPE CONTROL OF AN INFLATED THIN CIRCULAR DISK:
Preliminary Investigation

C. H. M. Jenkins, Ph.D., P.E.
Associate Professor
Mechanical Engineering Department
South Dakota School of Mines and Technology

Abstract

Space-based inflatable technology is of current interest to NASA and DOD, and in
particular to the Air Force and Phillips Laboratory. Potentially large gains in lowering launch
costs, through reductions in structure mass and volume, are driving this activity. Diverse groups
are researching and developing this technology for radio and radar antennae, optical telescopes,
and solar power and propulsion applications. Regardless of the use, one common requirement
for successful application is the accuracy of the inflated surface shape. The work reported here
concerns a preliminary nonlinear finite element analysis of shape control of an inflated thin
circular disk. Shape modification was achieved through enforced boundary displacements,
which resulted in moving the inflated shape towards a desired parabolic profile. Conclusions and

future work activities are provided.
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SHAPE CONTROL OF AN INFLATED THIN CIRCULAR DISK:
Preliminary Investigation

Christopher H. M. Jenkins

INTRODUCTION

There currently exists renewed interest in applications of inflatable structures in space.
With increased pressure to reduce costs associated with design, fabrication, and launch of space
structures, DOD and NASA are taking a new look at space-based inflatable structures.
Applications for inflatable structures in space include lunar and planetary habitat, RF reflectors
and waveguides, optical and IR imaging, solar concentrators for solar power and propulsion, sun
shades, and solar sails [see, e.g., Grossman and Williams, 1990; Cassapakis and Thomas, 1995].

For many of these applications, particularly those involved with communications,
imaging, power, and propulsion, accurate maintenance of the inflatable surface shape is critical.
Surface accuracy ranges from a few percent of wavelength for low frequency applications, to a
fraction of a percent of wavelength for visual wavelengths [see Hedgepeth, 1982]. The
likelihood of achieving such tolerances by purely passive means is unlikely.

In what follows, background information on highly compliant structures and their
analysis is first given. Then methods and results of an investigation into the shape control ofa
thin circular disk are discussed. Finally, conclusions and directions for future work are

provided.

BACKGROUND

Structures formed from thin-walled material can be found in a diverse array of
applications, from biological organisms to architectural structures to acrospace craft. Depending
on the degree of bending resistance inherent in such structures, as well as the degree of
participation of in-plane and bending reactions to loads, for certain analytical purposes they may
be modeled successfully as membranes, whose unique feature is the absence of any resistance to
bending.

For structures whose bending resistance is very small indeed (and we take here as

fundamental that all real structures have some finite bending resistance, no matter how small),
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compressive stresses result in a localized buckling or wrinkling. Hence, a further modeling
restriction can be made that limits the membrane to allowable stresses greater than zero only, i.e.,
a no-compression membrane. The structure is then modeled as carrying loads only in tension or
in tension fields [see Jenkins and Leonard, 1991; Jenkins, 1996b].

Finite element methods have made significant contributions to the analysis of large
deformation, nonlinear structural problems. Yet the analysis of membrane structures that undergo
large displacements during loading remains a difficult problem for which current finite element
methods are unsuitable. The primary difficulties lie in the fact that the structural system is
underconstrained, and stable equilibrium conditions only exist for loading fields that are orthogonal
to the set of unconstrained degrees of freedom (see Kuznetsov, 1991). Furthermore, configurations
exist that are not in the vicinity of such an equilibrium state. Consequently, large rigid body
motions with concomitant, large configuration changes, must take place before elastic response is

obtained.

A class of pneumatic envelopes provides dramatic examples of underconstrained systems:
the stowed versus deployed configurations in air bags, balloons, or parachutes. There are several
difficult aspects of the analysis of pneumatic envelopes. First of all, while structural stiffness is
provided by structural components such as the skin, and any reinforcing elements such as cables or
tapes, this stiffness can only be engaged in specific loaded configurations, and the stability of the
structural system only exists under such loading. The structural system is thus said to be
underconstrained.

Furthermore, the unloaded configuration may be far from any static equilibrium condition
in solution space. Constraints are usually unilateral so that a structurally impossible state is
obtained under a reversal of the load from an equilibrium state.

Even in a loaded configuration, the structural function of the skin may degenerate from a
state of bi-axial tension, for which the membrane model is appropriate, to a state of uni-axial
tension (since compression cannot be accommodated by thin films or cables). Under this latter
condition the skin will wrinkle. This condition may be appropriately modeled by a tension field
model which ignores the detail of the wrinkling but properly models the structural performance of
the skin [Jenkins and Leonard, 1993]. Experimental verification is a challenge under such
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conditions, since any contact with the structure readily disturbs that which was to be measured
[Jenkins, 1995; Jenkins, et al., 1995; Jenkins, 1996a].

Balloons and parachutes are other important examples of pneumatic envelopes that are
underconstrained'. The service load environment for a balloon in ascent varies over a wide range of
temperatures, configuration changes, and load path changes. During the ascent, when the balloon is
not fully inflated, the envelope is underconstrained, and this provides for considerable
computational challenge. [See, e.g., Schur, 1992; Schur, 1994; Schur and Jenkins, 1996.]

The three events that occur during a parachute mission are the deployment, inflation, and
terminal descent phases. The deployment phase is a highly nonlinear, possibly non-unique and
isometric process in which the parachute and suspension lines unfold from the deployment bag.
The inflation phase is a highly transient and nonlinear phase in which the air flow about, and
captured in, the canopy grossly distorts the shape to prestress and decelerate the parachute. The
terminal descent phase is primarily a steady-state process in which the parachute and payload

undergoes slower dynamic motion [Stein and Benney, 1994; Benny and Leonard, 1995].

SHAPE CONTROL OF AN INFLATED PLANE CIRCULAR DISK

It has been observed in inflatable reflectors, that their service shape deviates from the
desired parabolic shape as a function of position on the reflector. This leads to the so-called “W-
curve” discussed in more detail below. Hence, one fundamental motivation for shape control of
a circular disk is to minimize the surface deviation from the desired target parabola.

Three processes that affect the service shape of an initially plane circular disk were
investigated by use of a finite element model: inflation pressure, prestress, and boundary
constraints. Although finite elements are used for the bulk of the study herein, a brief discussion
of the theoretical foundations of the inflation problem is appropriate. This is required for
validation of the FEM model, as well as for gaining useful insight into the disk response.
Comparisons are made to large deflection theory of thin plates. Results are presented and
conclusions are drawn.

Theoretical Foundation
We take here an initially plane circular disk of radius a and thickness h, with h <<a. The

boundary (circumference) of the disk is considered to be pinned. For a very thin disk, the
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inflation process will result in transverse displacements w that are large relative to the disk

thickness. We limit considerations here to displacements that are associated with “small” strain

but “moderately” large rotations.

The governing field equations are the von Kdrman plate equations [Timoshenko and

Woinowsky-Krieger, 1959]:

DVfw— Eh——
rdr

1d (dd) dw)
dr dr

2
Vj®+ii(@) =0
2r dr \ dr

where p is the pressure, D is the bending rigidity given by
3
D= __
12(1-v*)
and @ is a stress function defined such that the radial and tangential stress resultants

(force/length) are given respectively by:

N, =c,h=£]—1--@-
rodr

2
N, =c,h=Ehd C2D
dr

Finite Element Model

A quarter-symmetry model is used that consists of 42 second-order shell elements and

M

)

€)

)

)

177 nodes, using the ABAQUS fem code. FEMAP is used for pre- and post-processing. For the

values of the parameters chosen here, viz., radius a =21 in (53.3 cm), h=0.0051in (0.13 mm), E

= 500,000 psi (3.45 Mpa), and v = 0.4, the bending rigidity D is extremely small (0.0062 Ib-in),

and the disk is essentially a membrane.

Inflation Analysis and Results
We take as the solution to (1) and (2) the three-term polynomial
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1"2 r4
w=w, 1+a2;—2—+a4;4— 6)

where w, is the deflection at r =0, and o, and a, are constants which satisfy the boundary

conditions. Using the membrane assumption, the central deflection w,, can be shown to be:

173
Wy = 0.665a(£f’-) 7
0 Zh Q)
In the present case, the boundary conditions (at r = a) are given by the displacement w =

0, and a zero moment condition:

d*w vdw)
M=D-"—+——1|=0 8
’ (dr2 r dr ®)

Taking the assumed deflected shape (6) and substituting into the above boundary

conditions leads to the following expressions for the a‘s:

6+2v
oA, =— 9
2 S5+v 2
1+v
o, = 10
M RV (10)
For the Poisson’s ratio of 0.4, the deflected shape becomes
r2 r4
w=w,(1-126— + 0259 —) (11)
a a
A better fit for the larger deflection results generated here is given by [Young, 1989]:
2 5
w=w0(1—0.9-’-2——0.115—) (12)
a a

Note that the equivalent parabola would be given by:
2
w=w0[1-f-2-j (13)
a

Figure 1 compares the fem results with the parabolic curve, and the difference is apparent.
Figure 2 shows the deviation of fem results, as well as (11) and (12), from the equivalent
parabola (13). The “W-curve” shape (one-half of the “W”), indicating deviation from a parabola,

is evident in Figure 2. This will be discussed further below
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It would be a common situation to find some prestress in the disk prior to inflation. The
prestress could be thought of in the sense of the tightening of a drumhead. One would expect
that the central deflection would be reduced as prestress increased. Fem results of center
deflection for a variety of initial stress values confirmed this intuition.

Rim Control

It was seen above that the initially plane disk does not have an inflated shape that is
parabolic. Questions naturally arise then about how could one move the shape to be more
parabolic. More generally, the following question might be posed: Given “N” actuators equally
spaced around the rim of an inflated disk (or disk pair), what combination of actuations would
result in optimizing a desired effect at some location on the disk? Below we provide some
results from an initial investigation of that question.

Radial displacements are imposed on the fem model after inflation. These displacements
occur in various combinations at the 0, 45, and/or 90 degree positions around the model
boundary (rim). Figure 3 shows the fem model with equal 0.1 in (2.54 mm) outward radial
displacements at all positions. The center deflection has decreased, and the radial stress has
generally increased everywhere (disregarding the local stress concentrations at the displacement
points) relative to the inflated only case. The other case considered was where 0.1 in radial
outward displacements are imposed at the 0 and 90 positions only.

We look at the results in graphical form, always looking along the 45 degree meridian.
Figure 4 shows the percent variation in the model from the parabolic shape (at the 45 degree
meridian) for each of the three cases: (1) inflation only without boundary displacements, 2)
boundary displacements at the 0, 45, and 90 positions, and (3) boundary displacements at the 0
and 90 degree positions. The maximum variation goes from about 12.5% for the inflated only
case, to a little over 7% for 3 boundary displacements. However, even when a displacement is
not applied at the 45 degree meridian line, significant reduction in the variation from parabolic
shape is observed.

Returning now to the “W” problem discussed above, Figure 5 shows the effect of
boundary displacement on reducing the W-curve. The 3 boundary displacements case shows the
maximum reduction in the W-curve, but even with 2 displacements, the W-error is reduced at

positions distant from the application of the displacements.

19-8



CONCLUSIONS AND FUTURE WORK

Inflatable structures have been used for many years in terrestrial applications, from sports
stadium roofs to automotive airbags. Inflatable will achieve their greatest potential, however, in
space-based applications. Along with their high strength to weight ratio, the capability of
reduced launch mass and volume make inflatables highly desirable candidates for space-based
structures.

This preliminary investigation has focused on initial inquiries into the shape control of
inflatable structures, specifically a thin inflated disk. Results have been compared to theory
where possible. It has been shown that the shape of an initially plane circular disk is not
inherently parabolic. Radial displacements at the boundary can, however, move the surface
toward a parabolic shape. Moreover, this effect is pronounced at locations distant from the
locations where the discrete boundary displacements are applied. The basis for the so-called “W-
curve” has been demonstrated, and shown to be reduced by shape control actions.

Future work to be carried out from this point includes the following:

* Fuylly investigate the “N-actuator” problem. Current inflatable reflector technology uses
discrete points of connection between the reflector and the reaction ring (torus). It needs to be
determined whether these attachment points could be used to advantage as shape control
actuators. If the answer turns out to be in the affirmative, this would provide fairly rapid
technology improvements over the current state of the art. The structure/control/optimization
problem needs to be investigated, including the spatial rate of decay of rim force/displacement
effects.

* Investigate the adequacy of PVDF (piezo-polymer) as a sensor/actuator for disk and torus
applications. Recently, polymer films have been developed with piezoelectric properties, i.e.,
strains that result in voltage production, and applied voltages that produce strain. This material is
suitably matched to the space-based inflatable concept, due to its light weight and high
compliance.

* Jnvestigate the effects of variable disk thickness and fiber reinforcing on inflated shape.
Simple passive techniques for generating the desired inflated shape could be achieved through

the tailoring of material parameters. Disk thickness may be made variable to control stress/strain
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in specific locati;)ns, thus influencing the deflected shape. Fiber reinforcing would allow for
modifying material stiffness in specific locations, again affecting the inflated shape.

* Develop a more realistic numerical model. The current fem model uses idealized boundary
conditions. More realistic “elastic” boundary conditions should be applied to simulate the torus.
This could be followed by modeling the torus itself. Prestress effects on deflected shape need to
be verified. Piezo and thermal effects could be included in the model.

* Assist in the design of effective ground demonstrations. The model developed and the
knowledge gained from it can be applied to the design of effective laboratory scale projects. An
understanding is needed of how best to design laboratory fixtures to provide for the most

optimum shape possible at the lowest cost.
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ELECTROMAGNETIC WAVE TRANSFORMATION IN A TWO - DIMENSIONAL -
SPACE - VARYING AND TIME - VARYING MAGNETOPLASMA MEDIUM

Dikshitulu K. Kalluri
Professor
Department of Electrical Engineering
University of Massachusetts Lowell
Lowell, MA 01854

Abstract

A magnetoplasma goes through a transient state due to various disturbances or stimulations
that cause a temporal change in its parameters. Lightning induced effects in the ionosphere
or the disturbances caused by the heating experiments are examples of such transient
magnetoplasmas.

An electromagnetic wave is transformed in a remarkable way by a transient
magnetoplasma. A new perspective on adiabatic analysis based on a slow change of the
parameters is discussed.

The relevant field equations for the general case where the parameters of the
magnetoplasma vary both in space and time are investigated. Yee's computational
algorithm based on 'Finite Difference Time Domain method' is adapted to obtain numerical
solution of these équations. Such a solution is useful in exploring new effects. It is also
useful in validating the approximate analytical solutions of simpler physical models.

As a next step, the author of this report would like to ( 1) investigate the numerical
stability, numerical dispersion and other numerical analysis aspects of the algorithm. (2 )
develop a code and investigate the effect of a transient magnetoplasma including the
lightning induced effects in the ionosphere and the transformation of an electromagnetic

wave during the ionospheric heating experiment.
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ELECTROMAGNETIC WAVE TRANSFORMATION IN A TWO - DIMENSIONAL -
SPACE - VARYING AND TIME - VARYING MAGNETOPLASMA MEDIUM

Dikshitulu K. Kalluri

I. Introduction

A magnetoplasma goes through a transient state due to various disturbances or stimulations
that cause a temporal change in its parameters. Lightning induced effects in the ionosphere
or the disturbances caused by the heating experiments are examples of such transient
magnetoplasmas. An electromagnetic wave is transformed in a remarkable way by a
transient magnetoplasma. The work done by the author last summer [ 1 ], [ 2 ] under this
program showed two such remarkable effects:

1. Frequency Upshifting and Power Intensification of a Whistler Wave by a
Collapsing Plasma Medium [ 1 ] '
2. Conversion of a Whistler Wave into a Controllable Wiggler Magnetic Field

by a Collapsing Magnetic Field [ 2 ].
An unbounded and homogeneous magnetoplasma with time - varying electron density
profile in the presence of a constant static B field was the model used in [ 1 ]. An
unbounded, homogeneous, and time - invariant plasma medium with a time - varying
gyrofrequency was the model used in [ 2 ].

In the two cases mentioned above, it was possible to obtain analytical solutions
because the differential equation ( 4.1 ) for the wave magnetic field , for longitudinal
propagation, is relatively simple. It was possible to solve this differential equation for two
cases of extreme approximations (i ) Step change of the parameter ( ii ) Adiabatic analysis
based on a slow change of the parameter. In this respect a new presentation of the
associated adiabatic analysis is given in Section 4.

In the more general case, where the parameters of the magnetoplasma vary both in
space and time, the equations are more complicated. It is not possible to obtain analytical
solutions.

Numerical method based on Finite Difference Time Domain method using Yee's
algorithm is quite suitable to generate computer solution to the general problem. Such a
solution is useful in exploring new effects. It is also useful in validating the approximate
analytical solutions of simpler physical models.
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2. Basic Field Equations for a Cold Time - varying and Space - varying
Magnetoplasma Medium

In the presence of a static magnetic field By, the force equation is given by (2.1)

dvp
mﬁt_=’q[ep+ vpro] (2.1)

In the above m is the mass and q is the absolute value of the charge and vp is the velocity
of an electron. Using the current density j p instead of vp as the state variable [ 3], (2.1)
may be converted to (2.2)

dj
H..,[B=eocoF2)(r,t)ep—jpx o (r,t) (2.2)

where

q Bo(r,t)

m Bo "—‘(Db(r,t)Bo (2.3)

® p(rt)=

A
In the above B is a unit vector in the direction of Bg and wy, (r, t)is the absolute value of

the electron gyrofrequency.

The Maxwell's Equations

oh,
Vxep=-u0—$ (2.4)
de, '
Vth=8OT+]p (2.5)

and ( 2.2 ) are the basic equations that will be used in discussing the electromagnetic wave

transformation by a maghetizcd cold plasma:
Taking the curl of (2.4 ) and eliminating h, the wave equation for ep may be

derived:

2 162ep 1 2 .
Ve,-V(V.e,) ——2—51—2— ———203p(r,t)ep+ HoJpx® p(rt)=0 (2.6)
c



Similar efforts will lead to a wave equation for the magnetic field:

29 1.9 % 1.2 - 2
V<h Z 2 e [wp(r,t)]hp+ 80pr(r,t)xep
+Vx(jpxep)=0 (2.7a)

where

ah,,
hp=—2  (2.7b)
at

If wp? and p, vary only with t, (2.7 ) becomes

v

®e

L @3(t)hp +E00p(1) (V.

_1
2 c

- ;) =0 (28)

o)
at2
Equations ( 2.6 ) and ( 2.7 ) involve more than one field variable. It is possible to convert

them into higher order equations in one variable. In any case it is difficult to obtain
meaningful analytical solutions to these higher order vector partial differential equations.

3. One Dimensional Equations: Longitudinal Propagation, L and R waves
Let us consider the particular case where ( 1 ) the variables are functions of one

spatial coordinate only, say the z coordinate, (2 ) the electric field is circularly polarized,
(3 ) the static magnetic field is z directed, and (4 ) the variables are denoted by




® b=’z\c:ob(z,t) (3.1e)

The basic equations for e, hand j take the following simple form:

Je oh

z- e (828
oh oe .
di _ ¢ w?(zt)e £ jo.(z,t)j (3.2c)
gt = fo®plBUE = Gtz 1)/ (S
9% __1_82e -J_mz(zt)e -—j-o) (z’t)ae TiL., @ (z'f)ah =0 (3.33
3z2 2 yx2 @ P Tez ot gt et gz '
2 24 2
oh 1 ah 1 2 . 9 2 : o h
— - — - —0,zt)h +tg; == o, (z,t)e T jo,(z,t)—
p 0 b
822 C2 at2 Cz oz P 822
2
1, o°h _ . 0w, (z,t)gn _ . 9d0y(z,t)5e
+ —————— e
+ C21wb(z,’t)atz ¥ 5 ¥ i€ 37 33 0 (3.3b)

Even though we assumed only one dimensional space variation, yet we have complicated
equations for e and h which are coupled. Equation for h is uncoupled if wp and wp are

functions of time only; in that case ( 3.3b ) reduces to

%h 1 %h 1
9z2 % jp2 c?

92 h
0z2

©2(1)h 5jo,(t)

| 9%h
+ ;_ijb(t)_ =0 (3.4)

4. Adiabatic Analysis for R wave in a time — varying space invariant
magnetoplasma medium
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The starting point for the adiabatic analysis of the R wave in a time-varying
space-invariant magnetoplasma medium is obtained by substituting d/0z=~jkin (3.4 ):

3
ah _ ja,(t) th [kc2+ mg(t)]ﬁ‘l*l_jmb(t)kzc%:o (4.1)
dt d? dt

Note that this equation for h does not involve the time derivatives of wp (t) or cop2 (t).
The technique [ 3], 4 ], of obtaining an adiabatic solution of this equation is as follows.
A complex instantaneous frequency function 1s defined such that

- ph(t) =[a(+jo(D]h() (4.2)

Here o (t) is the instantaneous frequency . Substituting (4.2 ) in (4.1 ) and neglecting o
and all derivatives, a zero order solution may be obtained. The solution gives a cubic in ®

giving the instantaneous frequencies of three waves created by the switching action,
0 - @y (1) @2 — (k*c2+ @2 (1)) @+k’cw, (1) = 0 (4.3)

The cubic has two positive real roots and one negative real root. At t =0, one of the
positive roots , say Wy, has a value wy:

Om (0) =g (4.4)

The m th wave is the modified source wave. An equation for o may now be obtained by

substituting (4.2 ) into ( 4.1 ) and equating the real part to zero. In the adiabatic analysis
we neglect the derivatives and powers of o.

3o-o,(t)

o= ® (4.5)

k2c2+co§(t)—3m2+ 2 0w, (t)
The approximate solution to ( 4.1 ) may now be written as

h(t) = h_(t) =H_( exp[j[m ]d»c] (4.6)
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where

H_(t) = H, exp[ﬁam(r)dr] (4.7)
The amplitude of the other two modes ( waves other than the m th mode ) are of the order
of the slopes at the origin of wy (t ) and mp2 (t ) and hence neglected in the adiabatic
analysis.
The integral in ( 4.7 ) may be evaluated numerically but in the case of only one of
the parameters varying with time, it may be evaluated analytically.
In the case of @y, constant and w2 varying with time, we can eliminate wp2 (t )

from (4.5), by using (4.3) and simplifying:

(02~ K2 c?) (o — @)

w?(t) = - (4.82)

2
. 30 —0w,
a= -0 . > ), ®, consant (4.8b)

Since the numerator in the bracketed fraction is one half of the derivative of the
denominator with respect to @in (4.8b), it may be written as

adt = -4 dr (4.9)

N

where

r=20%— 0?o,—- K¥c2a,, o, constant (4.10)

Equation ( 4.7 ) reduces to

172
3 2 2
H (t 200 — 005 — k2o
——”F‘I-(——)= 9 ° o > ,o, consant  (4.11)
0 202 — 0,02 - K¥c2a,

In the case of cop2 constant and wy varying with time, we can eliminate oy (t ) from

(4.5) by using (4.3 ) and simplifying:
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2
)
o (t) = o(1- —E—) (4.12a)
02— k2 c2
2 2
. o (20 —2k2c2+(o)
a= -0 P (4.12b)
2
2 2 2 2 2 o 2
(co—kzc) + O 0 + Kk C ®,

As in the previous case we can integrate analytically and write

172
Jta(t)dt=ln([r—[[—%%) (4.13)

0
where 1 (@ ) is the denominator in the fraction on the right side of (4.12b ). From ( 4.7)

1/2
2 222 2,2 2.2 .2 :

Ho (t) ((oo—k c?) + W0y + kec G (4.14)
Hy )

2
2 2 2, 2 2 2
(o (1) - k°c?) + oopo)m(t) + Kk C2cop

The electric field Ep, ( t)is easily obtained from Hy, (t ) by using the wave impedance
concept:

Em(t)=npmHm(t) (4.15a)

(4.15b )

In the above np, is the refractive index of the medium when the frequency of the signal in
the plasma is 0.

4A. Modification of the Source R Wave by a Slowly Created Plasma

20-9




Let us assume that a R wave of frequency ¢y is propagating in free space. Att=0

an unbounded homogeneous slowly varying transient plasma 1is created:
The fields are given by (4.11 ) with k ¢ = . A detailed derivation of the

equations based on a different formulation is givenin [ 4 ].

4 B. Modification of the Whistler Wave by a Collapsing Plasma
Medium

The mode of propagation of the R wave in the frequency band 0 < o < oy is called the
whistler wave. In this band the refractive index is greater than one. In this section we look
at the adiabatic transformation of the whistler wave by a collapsing plasma medium. If ng is
the refractive index and @y is the frequency of the whistler wave before the collapse begins,
the wave magnetic field Hp, ( t ) during the collapse is given by (4.11 ) where k2 c2 = ay?
no? and the electric field is obtained from ( 4.15 ). Denoting the first wave as the modified
source wave, i.e., m=1and 0wy (0) =01 (0) =009

1/2

3 2 2 2
H1(t) 20)0 Op® nocoocob
T = , @, consant 4B .1
0 20° — 0, 0° - 2w ° ( )
1 b ™1 0 o0 b
E,(t) o,(t)H, (1)
1 _ W 1
E. - "o, H, , W, consant (4B.2)

The refractive index could be quite large when ) << ®p . In such a case

1/2
)/

noznw=mp0/(ﬁ)oﬂ)b , W « OJb“’(l)pO (4B.3)

@, (t—>o)=n,m, (4B.4)

Ei(t=>e) . Bw (4p5)

Ep 2



Si(t—>w) _n,
S, )

(4B.7)
The above equations show that the whistler wave can have a substantial frequency upshift
with power intensification of the signal. This aspect is thoroughly examined in [ 1] for a
sudden Collapse as well as a slow decay of the electron density of the plasma medium.
Before leaving this topic a comment is in order to explain the extra factor
W, — o, (t
Factor=—2—1__° ()

(4B.8)

b~ Qo
in (14a) of [ 1] for Ey (t)/Eq as compared to (4B.2) of this section. In[ 1], an
alternative physical model for the collapsing plasma is assumed. However the final result
for the whistler mode is still given by (4B.3 ) to (4B.7).

4C. Alternative Model for a Collapsing Plasma.

Equation ( 4.1 ) is obtained from a formulation where ¢, h,j are chosen as the state
variables. The third state variable is chosen as the current density field j rather than the
velocity field v for the following reason. In the process of creating the plasma, the electron
density N ( t) increases because of the new electrons born at different times. The newly
born electrons start with zero velocity and are subsequently accelerated by the fields. Thus
all the electrons do not have the same velocity at a given time during the creation of the
plasma. Therefore '

j(t)yz—gN(t)v(t) (4C.1a)
but

Aj (1)=—gAN; v,(t) (4C.1b)

In the above A Nj is the electron density added at t; and v; ( t) is the velocity at t of the

electrons AN; born att; j (t)is given by the integral of (4C.1b ) and not by (4C.1a).

j obtained from (4C.1b ) is a smooth function of time and has no discontinuities. It fits the

reciuirements of a state variable. The initial conditions , in this formulation, are the

continuity of ¢, h, j att=0. This is a good model for a building-up plasma. We may ask
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the following questions regarding the modeling of a transient plasma. Is this the only model
or are there other models? Is this a good model for a collapsing plasma? A lot depends on
the physical processes responsible for the temporal change in the electron density [ 5 ].

Let us consider the following model for the collapse of the plasma. The decrease in
electron density takes place by a process of sudden removal of A N ( t ) electrons; the
velocities of all of the remaining electrons are unaffected by this capture and have the same
instantaneous value v ( t ). The initial conditions in this model are the continuity of €, h and
v; we can use these field variables as the state variables. The state variable equations are

o 3

d .
HOF=J ke (4C.2a)

o

g T =jkh+ eowg(t)u (4C.2b)

o)

%i%:—e-c- jo,(t)u (4C2c)

where
u=qv/m (4C2d)

and the simplest higher order differential equation , when (0 is a constant, is in the variable

u and is given by

3 2
d’u . du 22 2 du
— - J O+ [kc + (g(t)]_
a® dt? P dt

+{g(t) - jcobkzcz]u = (, oy, constant (4C.3a)

where

g()==[a} (1) (4C3b)

Equation (4C.3a ) is slightly different from (4.1 ) . The last term on the left side of
(4.3a) has an extra parameter g ( t ). Consequently, while the equation for o remains the
same as ( 4.3 ), the equation for o is a modified version of (4.5) and is given by

(4C4):
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—g(t)+c:)[3co—cob]
Q=

” , 0, constant (4C4)
(K +o (1) =30 + 200,]

Substituting ( 4.8a ) for wp? (1) in (4C4)

2

g(t) co—(:)[3(o - w,0]
o=

, W, constant
32
[20 —0 o,—-k

(4C.5)
2 2
C 0l

An expression for g ( t) may be obtained by differentiating ( 4.8a ):

3 2
g(t)=3dt— [co§ (t)]=%[20)3 - o” o,— K c?a,] , o, consant (4C.6)
Substituting (4C.6 ) in (4C.5)
. 2
) . 30 -,
a=— — ©
o 3 2

, W, constant (4C.7)
2.2
20 —0 o,— kC ]

The velocity field of the modified source wave is obtained, by analytical integration, as
before:

1/2
U t (t)[23— 2— 2 o
t 0 o) O, ® NoWA®
1 ( )=exp[f (1)d1]= 1 0 b Yo 0Wo Wy
Ug 0: mol 3 2 5 2

20 — 0p0; — NoWy®,

, ®, constant

(4C.8)
The electric field ( 4C.10 ) is now obtained by noting from (4C.2¢)
Eq=jlop—01(t)]U; (4C9a)
Eg=ilowp—0g]U, (4C9b)
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3 2 2
Eq(t) T C01“)] IC°1 (t) 200 — C‘)bmo_ ”owg(”b
Eo 20) (1) — 0,0} (t) - nzmzwb

, ®, constant  (4C.10)

When @y << 0y~ Wp, ng = nw is large and the first bracketed term on the right side of
(4C.10 ) may be approximated by

Op,=0¢ (1) f. w90 fag| _
e (1)_131/6_0E ~1 (4C.11)

4D. Modification of the Whistler Wave by a Collapsing Magnetic
Field

Equation ( 4.14 ) can be directly applied to this case. Let us denote the third mode as the
modified source wave, i.e., 03 (0 ) = g and kc = ng mq:

172
2
2 2 2 2.2 2 .2 2
Hs(t)= (0p = Ngog) + 00  + NGog o] (4D.1)
0 2 2 2.’ 2 2 2 12 2 .
(@3(t)—nom0) + copco3(t)+ NG g @,

In this case it is immaterial whether we choose j or v as the state variable since the

continuity of v ensures the continuity of j , the electron density N being a constant.
For the case when 6 << Wp ~ Wp, NQ = Ny, is large and it can be shown
Hg(e)=H, (4D.2a)

Eg(e)=~0 (4D.2b)

w3()=0 (4D.2c)
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3

5 FD - TD Method

\ In section 4 we chose suitable models and made approximations that permitted us

| to obtain an approximate analytical solution. These solutions are useful in giving us a
qualitative picture of the effects of each type of complexity in the properties of the medium.
In this section we shall consider numerical methods to handle the simultaneous presence of
several complexities. The finite difference time domain technique [ 6 ] - [ 8 ] seems to be
well suited for handling the problem of transformation of an electromagnetic wave by a
time-varying and space-varying magnetoplasma medium.

The starting point is the discretization of the equations for the fields in the

magnetoplasma repeated here as ( 5.1 ) — (5.3 ) for convenience:

8hp
Vxep"““o‘a'[‘ (5.1)
aep
Vth=€0—af-+]p (52)
dj,
dt +Vvj —sow (rt)e —J wa(rt) (5.3)

where Vv is the collision frequency. It is convenient to combine the first two equations above

into a second order equation before discretization:

128 gz gy Yo (54
s %e,-V (V.e,) - g2 (5.4)

Let
Jo=Uysdysd ) (5:5)
e,=(e,.e ,e,)(5.6)
@, = 0, (Il 1) (5.72)

l,=sinB cos¢ (5.7b)

Iy= sin®sing (5.7¢)
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l,=cos6 (5.7d)
Let us further assume that the spatial variations are restricted to the two independent

variables x and z only:

wp,=b (x,z,1t)(5.82)
eom§=a(x,z,t)(5.8b)

Extension to the three dimensional case is straightforward.
Vector equation ( 5.3 ) may be separated into three scalar equations for the
Cartesian components of the field variables.
Y = b(Lj =1 Jj 5.9
g7 T Vic=aet 2Jy yJiz) (5 )
djy - . .
g7 t Vi, =2 ey+b (LJj,=1,j,) (5.10)

dj , . :
a—tz-+v12=a ez+b(lij—lxjy) (5.11)

Since
2

azex+a2ez W3 a2e2+a e,
8x2 0Xxdz z 822 dxo0z

V(V.ep) =x ( ) (5.12)

Equation ( 5.4 ) may be written as three scalar equations given below:

19%e, _ d%e, e, I, (5.13)°
c2 512 Jz2 dXx0z Ho dt )

e o’e, d%e '
e e T ajy (5.14)
¢t 512 ox2  9z2 t

2 2 2 ;

3 3 d

1_8 e, _ 97¢, e, /, (5.15)

c2 912 Jx2 T 0xoz _HOE)t
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The continuous ( X , z ) domain is discretized by a set of points which are the intersection
points of the lines i Ax and k Az and the time domain is discretized by n A t: the continuous

function f ( x, z, t ) is represented by the value f (i, k ):
f(x,z,t)=f(iax,kAaznAat)=1"(i,k) (5.16)

Using central difference approximations, the various partial derivatives of f at a given point

are expressed in terms of the values of the function at the point and at the neighboring

points:
af . L k) -2, k)
57 (Lk,n-1)= T (5.17)
2 n, - n-1,. n-2, -
_6_9__2£ (i,k,n—1)=f(1’k)_2f (1,2k)+f (i, k) (5.18)
ot (At)
of . G L k) - (- 1L,k)
5~ (Lk,n-1)= T (5.19)
of . NG k+ ) (L k=1)
3—2-(1’k’n_1)_ A7 : (5.20)
9% f Pl ) -2 L K+ -1, k
(i,k,n——l)= (1 I )'_ (1, ) (1— 9 ) (521)
3 x2 (Ax)?
3% f Pl kD=2, k) + T (G, k-1
— (i,k,n-1)= U, )= (i, k) (G,k-1) (5.22)
9 22 (Az)?

2
ga;.éf; (i,k,n-1)=

Pl k+ D= (i1, k+D)— 1+ Lk-1)+" 7 (-1, k=1) (523)
4AxAz )

Applying the above finite difference approximations to ( 5.9 ) — (5.11 ) we can get the
current density at the n th step in terms of the values of the current density and the electric

field at the previous time steps.
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k) =ik 2at (o™ K DLy k= 1y (k)]

ra" (k) el (k) —vj;‘"(i,k)}
(5.24)

k) = iR+ 2at "N K) s k)= 1 (LK)
—1

+a"" (i, k) ey (i,k) —vj;—1(i,k)}
(5.25)

k) =i R+ 28t {00 K [y i k)= gy (k)]

ca" k) el T i k) - v DT (i,k)}
(5.26 )

Applying central difference formulas (5.17 ) - (5.23 ) to (5.13) - (5. 15), we get the
computational algorithm to update the electric field values at the n th step:

el (i+ 1, k+1)— el (i1, ke 1)

TAAXAZ _en= (g1, k=1 )+ el (i1, k=1)

- BT an[ian -iraw] sen
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el (i, k) =2ey " (i, k)= ey 2 (i, k)
2 2
C(At; {e;‘“(m,k)—zey (i, k) + ey (i 1,k)]
(Ax)
Lo et -1,
| > | ey (i,k+1)-2e, (i.k)+ey, (ik-1)
} (Az)
‘ [ ° 2
- = (At)[fy“(i,m jy"‘u.k)} (5.28)
el(i, k) =2el"" (i, k)= el ™% (i k)
+ (a2 [e“-‘(m, k) —2e277(i, k) + e;—1(i—1, k)]
(ax)2 L7
o2 ( At)2 e:-‘(i+1,k+1)—e’x’—1'(i-1,k+1)

TAAXAZL_en=T (141, k=1 )+ e 7T (i1, k=1)

2
”020 (at) | j k) =2 k)] (5.29)

6. Conclusions

An electromagnetic wave is transformed in a remarkable way by a time - varying
magnetoplasma medium. The field equation for the general case where the parameters of
the magnetoplasma medium vary both in space and time are complicated. FD - TD method
of numerical solution is used to generate the computer algorithm to solve the problem. Such
a solution is useful in exploring new effects. It is also useful in validating the approximate
analytical solutions of simpler physical models.

A code will be developed after investigating the numerical stability, numerical
dispersion and other aspects of the algorithm. The code will be used to investigate the effect
of a transient magnetoplasma including the lightning induced effects in the ionosphere and
the transformation of an electromagnetic wave during the ionospheric heating experiments.
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THICK SECTION CUTTING WITH CHEMICAL OXYGEN-IODINE LASER AND
SCALING LAWS

Aravinda Kar
Assistant Professor
Department of Mechanical and Aerospace Engineering
Center for Research and Education in Optics and Lasers
University of Central Florida

Abstract

Almost all laser-assisted materials processing involve melting, vaporization and plasma
formation. These phenomena affect the utilization of laser energy for materials processing. To
account for the effect of these phases, an effective absorptivity is defined, and a simple
mathematical model is developed for thick-section stainless cutting with a high power Chemical
Oxygen-lodine Laser (COIL). The model is based on overall energy balance, and it relates the
cutting depth with various process parameters that can be used to predict scaled laser materials
processing performance to very thick sections. The effects of various process parameters such as
laser power, spot size, cutting speed and cutting gas velocity on the cutting depth are discussed.
The results of the mathematical model are compared with experimental data. Such comparison

provides a means of determining the effective absorptivity during laser materials processing.
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THICK SECTION CUTTING WITH CHEMICAL OXYGEN-IODINE LASER AND
SCALING LAWS

Aravinda Kar

1. Introduction

Cutting is one of the earliest applications of laser technology. Currently, laser cutting
machines are commercially available that are based on CO, and Nd:YAG lasers. The Chemical
Oxygen-lodine Laser (COIL) is a high power laser at wavelength 1.315 pum that can be used for
various types of materials processing. The basic principlé of COIL has been discussed briefly by
Kar et al.' Atsuta, et al® investigated the material processing capability of COIL by cutting
stainless steel up to 5 mm thick, and demonstrated that the cutting capability of a 1 kW COIL is
equivalent to a 1 kW Nd:YAG laser and about 2.5 times better than a 1 kW CO; laser. They
presented a simple two-parameter model and empirically determined these two parameters by
fitting the model to their experimental data in order to predict the scaled cutting capability of
COIL”.

Earlier studies on laser cutting of materials have been presented by Tikhomirov®,
Schuocker®, and Powell>. The effects of cutting gas jet on laser cutting have been examined by
Chryssolouris and Choi®, Biermann et al.”, and Molian and Baldwin®. Ohlsson et al.? carried out
a comparative study to examine the effectiveness of the laser and abrasive water jet cutting
processes. Thompson'® presented experimental data for the laser cutting of highly reflective
materials such as copper and aluminum. Hack et al.'' used a Nd:YAG laser in a power range up
to 2.3 kW to cut materials by using glass fibers to deliver the beam to the workpiece.

Besides experimental studies, mathematical models have also been developed to understand

the effects of various process parameters on the cut quality. Schuocker and Abel'?

developed a
mathematical model to analyze the material removal process during the laser cutting. Schuocker®
discussed the physical mechanism and theory of laser cutting to provide a better understanding of
the process. Li and Mazumder'* presented a model for the laser cutting of wood. Mathematical
models for evaporative cutting were developed by Modest and Abakians'’, Bang and Modest'S,
and Roy and Modest'’. Belic and Stanic’®, and Belic”’ presented a simple model involving

empirical parameters for laser cutting.
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This report presents a simple model to examine the effects of absorptivity and the velocity of
the cutting gas jet on the kerf depth and width. The results of the model are compared with
experimental data to verify the scaling law. In this study, the laser spot is considered to be
rectangular because the laser beam that comes out of the resonator of a typical COIL device has

rectangular cross section.

2. Mathematical Model
In Ref. [1], a simple scaling law was derived based on a mathematical model that was

developed by using a lumped parameter technique in which the overall energy balance was
considered without accounting for the pointwise distribution of temperature in the solid and liquid
phases of the substrate. That scaling law has the following form.

d A,
g 1
P vw, +A3‘/vwk )

where the coefficients are defined as

A
Ay =— 2
2
1w, +2 KT, -T,)
A, =——k m 0/ and 3
3 2, ‘\ﬁwk 2\/; an (3)
2, = g[c,(T, - T,)+L, +BL, ] @)

Here all variables are in SI units. In Eq. (1), the term A, is related to the absorptivity of the
workpiece at the laser-material interaction zone, and the term containing Aj is due to the loss of
energy by heat conduction in the solid region of the workpiece. In this study, a COIL beam of
rectangular spot is used for which / = 1.7 x 10® m and w = 1.2 x 10® m. Using the
thermophysical data for steel given in Table 1 with the assumptions that To =293 K and B = 0.1,
we find: Ao =8.1 x 10™A [m*/J] and A; =3.31 x 10° [m?/s]"*. It should be noted that wy is
taken to be equal to w only in Eq. (3) to estimate A;, and that its value for all other terms is
obtained from an expression as discussed below. First, the effect of plasma on the absorptivity is

discussed and then the effect of the cutting gas velocity on the kerf width is presented.
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Table 1. Thermophysical properties of iron unless stated otherwise. Due to the lack

of high temperature data, these values were used in this study to obtain various

results although the substrate was 400 series stainless steel.

——

——

Thermophysical properties

Values of thermophysical properties

Density, p

Melting point, Tr

Boiling point, Ty

Specific heat, ¢,

Thermal conductivity, k
Thermal diffusivity, a = k/(pc;)
Latent heat of melting, Ly,
Latent heat of boiling, Ly
Density of Nitrogen®, p,
Viscosity of Nitrogen®, 1,

Molecular diameter of Nitrogen, ¢

7870 kg m*
1809 K

3133K

456 Tkg' K
782 Wm' K!
2.18 x 10° m* s
2.72 x 10° T kg
6.10 x 10° T kg™
2.786 kg m*
3.176 x 10°Pa s
3.75 A

i

*Values calculated at the temperature 1000 K and pressure 827.37 kPa.

2.1. Absorptivity and the plasma effect

During laser cutting, the workpiece is melted and the molten material is removed by using a
gas jet which is referred to as the cutting gas. Depending on the laser intensity, relative speed
between the laser beam and workpiece, and the cutting gas velocity; the molten material can
vaporize to form a plume consisting of the cutting gas molecules, metal vapor, liquid metal
droplets, ejecta from the laser-material interaction zone, electrons and ions. This plume will be

referred to as the vapor plume in this study. Such a plume is more likely to form in thick-section
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laser cutting because it involves more melting and vaporization of materials than in thin-section
laser cutting. The vapor plume absorbs laser energy as the beam passes through it, and therefore,
it reduces the power of the laser beam that reaches the substrate surface. Considering only
absorption in the vapor plume and neglecting the refraction and scattering effects of the plume,
the power of the laser beam at the substrate surface can be written as follows by using the Beer-
Lambert law.
P,=Pe* (5)
However, a fraction of P, is utilized to cut the workpiece depending on the absorptivity (A.)
of the material at the laser-matter interaction zone. A, depends on the temperature of the
material. The absorbed power that is actually utilized to cut the workpiece is given by
P,=A,P,=A,Pe* = AP (6)
where A = A, e*, which can be referred to as the effective absorptivity.

It should be noted that A,, it and h depend on the temperature at the laser-matter interaction
zone. Since this temperature depends on the process parameters, A also depends on the process
parameters. Using the Hagen-Ruben relation, the absorptivity (A,) of liquid stainless steel at the
melting temperature can be calculated as 39.7% for COIL. Typical values of p have been
reported” to be 0.5 and 0.1 mm™ for temperatures 15000 and 18000 K respectively for laser

’. Through linear extrapolation of these values, p is calculated to be

power density of 10° W/cm
1.97 mm for a plume of temperature 4000 K.

The plume height, h can be estimated by noting that more vapor will be generated as the
laser intensity and laser-material interaction time increase, and more vapor will be removed from
the interaction zone as the pressure of the cutting gas jet increases. The first two process
parameters and the last one will tend to increase and decrease h respectively. Therefore, by taking

the laser intensity to be P/(w/), h can be estimated from the following expression.

h=K, I =K, P @)
Pg vag »

Here K, is the proportionality constant which will be referred to as the “plume coefficient.”
It should be noted that as the temperature of the vapor plume increases, the electron density in the
plume will increase. If the electron density is sufficiently high such that the plasma frequency is

equal to or higher than the frequency of the incident laser radiation, the laser beam will be
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completely reflected by the plume. Under this condition, the beam will not be absorbed by the
plume and will not reach the substrate surface. Consequently, the vaporization of the workpiece
will cease, and the plume will collapse, that is, h will be zero. Since Eq. (7) is derived without
considering this phenomenon, it is applicable when the plasma frequency is less than the frequency

of the incident laser radiation which is usually the case in laser cutting.

2.2. Effect of cutting gas jet velocity

Cutting gas plays an important role in laser cutting. For certain materials, the presence of
oxygen in the cutting gas enhances the cutting capability because of (i) the formation of oxides
that increase the absorptivity at the laser-material interaction zone, and (ii) the heat of oxidation |
that supplies additional energy to the workpiece. The cutting gas also blows away the molten
material to produce a definite kerf width. To investigate the material removal capability of the
cutting gas, the geometry of the laser-material interaction zone is modeled as shown in Fig. 1
where Fig. 1a shows a three-dimensional view of the workpiece, the kerf width, depth, recast
layer and cutting direction. Fig. 1b is a cross sectional view showing the molten layer, vapor
plume and the direction in which the melt is removed by the cutting gas. Fig. lc is a top view of
the melt pool whose shape is considered to be a semicircular ring of width  such that & = (w; -
w,)/2. The geometry of the laser-material interaction zone is simplified in this manner in order to
derive a scaling law for the kerf width.

A scaling law for the kerf depth is given by Eq. (1) which is based on average energy
balance. Now a scaling law for the kerf width is obtained by considering the mass and momentum
balances for the melt pool. Under quasi-steady state condition, the amount of solid melted, that
is, the amount of melt entering into the melt pool must be equal to the amount of melt leaving the
melt pool. This is equivalent to saying that the volume of the melt leaving the pool must be equal
to the volume of the kerf, if the density of the workpiece is considered constant which is the case
in this study. The mass balance leads to the following relationship between the melt pool width
and kerf depth under the approximation that w; ~ w; - 8.
O 2v

d =

(®)

<l
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Figure 1. Geometric model for the laser-material interaction zone in laser cutting: (a) Three-

dimensional view, (b) Cross sectional view and (c) Top view.




To determine the average velocity, v, at which the melt is blown away by the cutting gas, the
momentum balance is considered. The drag force generated by the cutting gas at the interface of
the melt and cutting gas must be equal to the rate of change of momentum of the melt. This leads
to the following expression for the average velocity of the melt under the approximation that

W -0=wr -8~ w.

2 v d 1/2
T = [_ELL_:I (9)
T pw, O
Combining Egs. (8) and (9), and noting that = (w; - wi)/2, the following expression is
obtained.
w.
W, =t (10)
1+i pvd
L nsvs

Eq. (10) involves the velocity and viscosity of the cutting gas. v, is determined by using the

following expression,
vy = 24P, /p, = 2P, /p, (11)

where AP, is the magnitude of the pressure drop across the kerf depth which depends on the kerf

geometry and the frictions at the two side walls of the kerf and at the interface of the melt and the

cutting gas. In this study, AP, is taken to be a fraction of P, that is, AP, = fP;, where fis a

fraction (0 <f <1). The density of the cutting gas, p,, is determined by using the ideal gas law.
The viscosity of the cutting gas, 1, is obtained by using the following expression®' which is

also based on the ideal gas law approximation,

P
n, =2927x10™ M2 i ] (12)
c“\p,

where M and o are in units of [gm/mol] and [A] respectively, and 1, P, and p, are in SI units, that
is, in units of [Pa s}, [Pa] and [kg/m®] respectively.

To estimate w; in Eq. (10), the balance of heat flux at the maximum width of the liquid-solid
interface (y = wi/2) is used, which leads to the following expression under finite difference

approximation.
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W, =4Ja1/v321m— (13)

Here T, is the temperature at the surface of the melt pool along the center line (y=0). Eq. (13)is
obtained for a melt pool having a semicurcular surface. In this study, T, is estimated by using the
temperature distribution that was derived in Ref [22] for a rectangular multimode beam.
Applying that expression to a TEMgyp mode beam and a substrate of initial temperature T,
defining a scaling length /' = (/ + w)/2 =  ~ w, and setting v = 0, the temperature at the center of
the beam is found to be

T An P +w)
8 Wk

Here T, is approximated as the temperature at the beam center, and T, - Tn represents the

L-T,= (14)

superheating temperature of the melt pool. It should be noted that the temperature distribution in
Ref. [22] is based on three-dimensional heat conduction analysis in a semi-infinite medium.
However, in laser cutting applications, the workpiece needs to be treated as finite dimensional at
least in one direction. Most of the absorbed laser energy goes into heating up the workpiece and
supplying the latent heats of melting and boiling, and is lost to the surrounding due to radiation
and convection. Especially, the cutting gas can enhance the loss of energy by convection. Only a
very small fraction (n,) of the absorbed energy is utilized to superheat the melt pool, that is, to
raise the temperature of the melt pool from T to T,. To account for these phenomena, an energy
utilization factor, m,, which will be referred to as the “melt pool superheating factor,” is
introduced in Eq. (14).
Combining Eqs. (13) and (14), w;is found to be

2ra An,(/+w) P
= 8 15
YTV T KT -Tyw oy _ (13)

Combining Egs. (1), (10) and (15), the following expression is obtained. |
2no Anu(l+w) P\[;

V I KT,-T,)w
VW, = 5 (16)

1+ 4 Apv P

T MgV, vwk+A3\[vwk
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Eq. (16) is a transcendental equation for w; that needs to be solved numerically. However,
to obtain a simple scaling law, the heat loss term, An/:r_w_k_ is retained, and wy in the term ,/vw—k
is replaced with w since the kerf width is usually equal to the laser beam width, that is,
vwk+A3Jv—w: ~ AM/WK zASs/;_w_ . Also, v* in the denominator is approximated as

vi~va/l. With these simplifications, Eqs. (11), (12) and (16) leads to the following

expression.
251 /E Mpﬁ
I KT -T,)w
vw, = A pp.oia (17)
1+308x107 22 & __py
A,Vf MPIVw

Here all variables are in SI units except M and & that are in units of [gm/mol] and [A] respectively
as mentioned earlier. Eq. (17) is the scaling law that is used in this study to investigate the effects
of various process parameters on wg.

Eq. (17) is substituted in Eq. (1) to obtain

A,(1+B,PVv)
d= 7 , where (18)
B, Vv + A3\/B°P M (1 +B,P\/;)
Bo=2.51J§M,md (19)
I k(T, - T,)w
A, Ppoa
B, =308 x10" —=2 . 20
‘ A Jf MPIVwW (20)

Eq. (18) shows how the kerf depth, d, varies as a function of P and v, while Eq. (1)

represents a scaling law for d/P.

3. Results and Discussion

The above mathematical model is used to analyze the effects of various process parameters
on the kerf depth and width. The predictions of this model are compared with the experimental
data of Ref. [1] where the experimental set up and procedure have been discussed. Numerical

values are obtained from this model by using the values of thermophysical properties as listed in
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Table 1 where the data for nitrogen and steel are obtained from Refs. [21] and [23] respectively.
The cutting gas is taken to be nitrogen at a pressure of 827.37 kPa (120 psi) which was used in
Ref [1]. Since the temperature of the cutting gas at the laser-material interaction zone is
unknown, it is taken to be 1000 K to determine the density and viscosity of nitrogen. At this
pressure and temperature, the density and viscosity of nitrogen are calculated by using the ideal
gas law and Eq. (12) respectively (see Table 1). The molecular diameter of nitrogen is obtained
from Ref. [24], and f'is taken to be 0.5 in this study.

Figures 2 and 3 show comparisons between the scaling laws derived in this paper and
experimental data. The experimental procedures and conditions to collect the data have been

discussed in Ref. [1]. The scaling law in Fig. 2 involves only one dependent parameter, kerf

10

\_ A=055
i A, =0.004 [mefe]2 ]
\
\
Y

dP = 20/(vwk)

N AP = 8/(vw )2
N 4 k

B Experimental data
— A =0.55, n,= 2%

-—=-A=0551n=1% B ¥
° 2 A=045 / N
A= 0.00331 [m¥/s)12 .

N .

R\
B Experimental data '\

W, [mn¥s)

0.1 1 10 100
W [mm?/s}

Pvi2 [kW (mm/s)12]

Figure 3. Comparison between experimental data

ure 2. Compari between experi tal
Fig panison perimental data and 8 acaling law involving the kerf depth and width

and a scaling law involving the kerf width.

width, and several independent parameters such as laser power, beam scanning speed and cutting
gas pressure. On the other hand, the scaling law in Fig. 3 involves two dependent parameters,
kerf depth and width, and several independent parameters. Since the effective absorptivity is an
unknown parameter, it is varied around the theoretically calculated value of A,, that is, A, =
39.7% (see section 2.1) in order to obtain a good agreement between the model predictions and

» experimental data. Fig. 2 shows that the product vw, becomes zero as Pv/v tends to zero, and it

reaches a constant value as Pv/v increases. However, Fig. 3 shows that the kerf depth per unit

laser power (d/P) increases as the product vw, decreases. In Fig. 3, the curves corresponding to
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-

d/P=8/Jvw, and d/P=20/(vw,), which represent the effects of the heat loss and melt

pool energy (energy used to produce the melt pool) respectively in Eq. (1), show that the former
curve compares with the experimental data better than the latter curve. This means that the heat
loss plays an important role in thick section cutting and that it has to be reduced to increase the
depth of cut per unit laser power. It should be noted that the numbers 8 and 20 used for these
two curves are selected arbitrarily to obtain good fits between the experimental data and each of
these curves.

Figure 4 shows the effect of process parameters on the plume height for various values of
the plume coefficient, K;, and Fig. 5 represents the variation of the effective absorptivity as a

function of the plume height for different values of the plume absorption coefficient. The plume

I —
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6 . . | . | 1 1 ) 1 ]
——-KP= 1.0 08 - ——p=1.0 mmr!
i ___KP=0_5 7 3 - = = 1=1.97 mm-l
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_ —————K =01 .{ u=4.0 mor
E 4 b P - E- 0.6 -
= E ’
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-
. 3
& ke 8 02 -
-
o P " b '\ ~ -
- - - . -~
T et 0.0 M SR SN
A
0 Uemozt ': * : : p 0 1 2 3 4 5
0

Process parameter, P/(va‘) [mm] Plume beight, h [mm]

Figure 5. Effect of the plume height on the cffective absorptivity.
Figure 4. Effect of process parameters on the plume height. P

height varies linearly with the ratio P/(vwP,) as shown in Fig. 4. Figure 5 shows that the effective
absorptivity decreases as the plume height increases, which will reduce the heat input to the
substrate. This will eventually produce less amount of vapor and ejecta that enters into the plume.
Consequently, the plume volume will not be sustained and its height will decrease. The height of
the plume will decrease to a certain value at which the effective absorptivity will be sufficiently
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high to cause the formation of enough vapor and ejecta that can sustain the plume volume. This

will cause fluctuation in the plume height before the quasi-steady state is reached. It should be

noted that Fig. 5 provides a means of determining the plume absorption coefficient by measuring

the absorptivity of the melt surface and plume height.

Kerf width, w, [mm)]

0 10 20 30 40 50

Laser beam scanning velocity, v {mm/s]

Figure 6. Variation of the kerf width with the laser
beam scanning speed for various vahues of the
incident laser power.
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Figure 7. Variation of the kerf depth with the laser
beam scanning speed for various values of the
ncident laser power.

Figures 6 and 7 show the effects of
the laser beam scanning velocity on the
kerf width and depth respectively for
various laser powers. As the scanning
velocity increases, the laser-substrate
interaction time decreases which reduces
the energy input to the workpiece
resulting in smaller kerf width and depth.
On the other hand, as the laser power
increases, the energy input to
the workpiece increases resulting in
wider and deeper kerf as shown in Figs.
6 and 7 respectively.

Figures 8 and 9 show the
effects of the cutting gas pressure on the
kerf width and depth respectively for
various laser powers. When the laser
power increases, the energy input to the
workpiece increases which produces wider
and deeper kerf as shown in these figures.
Figure 8 shows that the kerf width
increases with the cutting gas pressure
because more molten material is removed
at high gas pressures. Since the melt is

removed quickly at high gas pressures,

less energy is transferred from the melt to the solid region of the workpiece. This can reduce the




kerf depth as shown in Fig. 9. There is a maximum pressure of the cutting gas at which the

maximum amount of the melt can be removed from the laser-material interaction zone. Above

6 T L 0.10 ——TTT T
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----- P=10kW ]
"E‘ ..... P=SkKW —P=15kW i
S 4r ] ---P=10kW
z e 'E‘ —=--P=SkW
g - eennl . S o0s A=0.55 |
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5 2F ,/ _________________ = E v=25mn's
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-

" A=055,7,=2% v=25 ms
0 XL l ' J ' l 1 . o
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Figure 8. Variation of the kerf width with the
cutting gas pressure for various values of Figure 9. Variation of the kerf depth with the cutting gas
the incident laser power. pressure for various values of teh incident laser power.

this maximum pressure, the cutting gas will have little effect on the kerf width and depth as
demonstrated in Figs. 8 and 9 respectively. It should be noted that the cutting gas enhances the
cutting performance by femoving molten material from the melt zone, and reduces the cutting rate
by inducing energy loss due to heat convection. Since the maximum melt removal is achieved at
the above-mentioned maximum pressure, the cutting gas pressures exceeding this maximum
pressure can be detrimental to the cutting rate because such higher pressures will cause more
energy loss by convection than any increase in the melt removal. However, the energy loss by
convection at high pressures can be beneficial because it can prevent metallurgical transformations

at the kerf walls by cooling them rapidly.

4. Conclusions
Two scaling laws relating the kerf width and depth to various process parameters are

presented. This study indicates that thick metal cutting performance may be improved by using a
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laser beam of small width. The laser-plume interaction and effective absorptivity play an
important role in the cutting performance of a laser beam. The kerf width and depth are affected
significantly as the cutting gas pressure increases. However, they reach a constant value after a
certain pressure of the cutting gas which means that there is a maximum pressure of the cutting

gas that can be used for a given set of cutting parameters.

Nomenclature

A Effective absorptivity of the substrate due to the plume
A, Absorptivity of the substrate in the absence of the plume
C Specific heat of the substrate at constant pressure

d Kerf depth

h Height of the vapor plume

k Thermal conductivity

K,  Plume coefficient (Proportionality constant)

l Length of the rectangular COIL beam spot

Ly Latent heat of boiling

L.  Latent heat of melting

P Laser power of the incident beam at the top of the vapor plume
P, Laser power absorbed by the workpiece

P, Pressure of the cutting gas at the substrate surface

P, Laser power at the substrate surface

Tm  Melting temperature of the substrate

T, Temperature at the surface of the melt pool along y=0
To Initial temperature of the substrate

v Velocity of the scanning laser beam

v Average velocity of the outgoing melt

Vg Average velocity of the cutting gas in the kerf
w Width of the rectangular focal spot

w; Maximum width of the liquid-solid interface
Wi Kerf width
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Greek Symbols
v Thermal diffusivity of the substrate

B “Boiling coefficient”, the fraction of the kerf width above the boiling temperature
5 Width of the semicircular ring-shaped melt pool

AP,  Magnitude of the pressure drop of the cutting gas across the kerf depth

AT  Excess surface temperature (AT =T, - Tn)

Mg Viscosity of the cutting gas

yn Energy utilization factor (Melt pool superheating factor)

y7] Absorption coefficient of the vapor plume

p Density of the substrate

Pg Density of the cutting gas at the pressure Py

T Laser-substrate interaction time
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Theory of Electron Acceleration by HF-Excited Langmuir Waves

Spencer Kuo
Professor
Department of Electrical Engineering
Polytechnic University

Abstract

A generalized Fokker-Planck equation is derived to describe the diffusion effect of
the HF heater-excited Langmuir waves on the background electron distribution. It is
shown that the quasi-linear diffusion process alone can not produce very energetic
electron flux in 20 eV energy range due to the friction force of the bulk plasma. On the
other hand, the diffusion coefficient contributed by nonlinear wave-particle interactions
has a nonzero value in that energy range and the friction is not able to balance it. Sucha
nonlinear diffusion process is driven by the beat product at the frequency sum of two
oppositely propagating Langmuir waves. The wide energy range continuously covered by
this nonzero nonlinear diffusion coefficient enables some of the electrons to be accelerated
continuously from its low energy end to the high energy level. The numerical results show
that the energetic electron flux (>20 eV) thus pproduced is large enough to account for
those detected in the in-situ particle measurement using a rocket fly at Tromso and by the
incoherent Backscatter Radar at Arecibo during the HF heating experiments.
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Theory of Electron Acceleration by HF-Excited Langmuir Waves

Spencer Kuo

INTRODUCTION

The modification of the ionosphere by the ground-transmitted powerful hf heater
waves has been extensively investigated during the past two decades. Among many
fascinating phenomena observed in the experiments, the one studied in the present work is
the appearance of very large energetic electron fluxes over a very large range during the
heating experiments.

When enhanced plasma lines and ion lines were first detected by the backscatter
radar in the ionospheric heating experiments at Arecibo, Puerto Rico [Carlson et al,
1972], it gave evidence to support the theoretical prediction [Perkins and Kaw, 1971] that
the swelling effect of the ionospheric inhomogenuity should be able to enhance the fiield
amplitude of the O-mode hf heater wave near its reflection height to exceed the threshold
level for the excitation of parametric decay instability. However, in the later heating
experiments at Arecibo, backscatter radar showed that some of the enhanced plasma lines
could, in fact, be detected over a broad height range, even outside the heating region
[Carlson et al., 1982], and there was no corresponding ion line enhancement. These
enhanced plasma lines then become the indication of the generation of enegetic electron
fluxes with energies exceeding 10 eV [Carlson et al., 1982]. The radar observations were
also confirmed by the in-situ particle measurement during the Tromso heating experiemnt,
via a rocket fly conducted by the Scandinavian group [Grandel et al., 1983; Rose et al,
1985]. Electron fluxes with energy exceeding 25 eV were detected.

The existing theories ascribe the electron acceleration that produces superthermal
electrons of the order of a few eV for airglow enhancement to a trapping process [Fejer
and Graham, 1974] or a diffusion process [Weinstock, 1974; Nicholson, 1977] in the
saturation spectrum of Langmuir waves produced by the parametric instability. Only
linear and quasi-linear interactions between electrons and wave fields have been included
in these theories. Therefore, a new theory is called for explaining the generation of tens
eV electron fluxes observed in the heating experiments.
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In the present work, we further elaborate the diffusion effect of Langmuir waves
on the background electron distribution. Both quasi-linear and nonlinear process of wave-
particle interactions are included in the formulation of the velocity diffusion equation (a
generalized Fokker Planck diffusion equation (describing electron acceleration). Our
analysis shows that the cyclotron effect-broadened quasi-linear diffusion may be effective
enough to produce up to 10 eV electron fluxes. However, the very energetic ones can
only be generated by the diffusion process through nonlinear Landau damping of the beat

wave of two oppositely propagating Langmuir waves.

DERIVATION OF ELECTRON DIFFUSION EQUATION

In the following analysis, Langmuir wave excited parametrically in the ionosphere
by O-mode hf heater waves are considered to be the source of generating energetic
electrons (> 10 eV), whose existence was first deduced from the backscatter radar
measurements of enhanced plasma lines [Carlson and Ducan, 1977; Carlson et al., 1982]
and confirmed later by the in-situ particle measurements [Grandal et al., 1983]. It is
assumed that electron acceleration is via a continuous diffusion process driven by the
Langmuir wave fields. A velocity diffusion equation for an electron plasma that is
embedded in a uniform magnetic field in the presence of a broad spectrum of Langmuir

waves is thus derived to describe the diffusion process.

Our analysis begins with the collisionless kinetic equation

{g+v-g—i[E(r,t)+—i—vxiBO]-—;—}f(v,r,t)z0 (1)

n

where f{v,r,t) is the electron distribution function as a function of velocity (v), position
(r), and time (t); the Earth's magnetic field (Bg) is taken to be the z axis of a rectangular
coordinate system;

E(r,t)=-i) kg expli(k-r-wpt)]+c.c.
k

is the total electric field of the excited Langmuir waves, where @, and k are the Langmuir
wave frequency and wave vector, respectively. The distribution function, f, can be
generally expressed as the sum of four parts [Dupree, 1966; Kuo and Cheo, 1981]:
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fe<fo>+fO+ftf=<f>+fi+fn @)

where < f> is the average distribution function; f€) is the phase coherent response to the

electric field, E(r,t); f corresponds to the phase incoherent portion due to the nonlinear
wave-wave interaction; f,, represents all other effects that are neglected here; the

fluctuating portion of the distribution function, f; = f @ 4 f, can be Fourier-expanded

as Y frexpli(k-r—wgt)].
k

Along the trajectory defined by

%r:v and 57 = ( )vxz 3)

the equations for the average part (< f>) and the fluctuating part (f]) of the distribution
function after substituting (2) into (1) are obtained as follows:

:id;<f >—1—— Zk¢kfk +e.c. 4

il’—fk expli(k-r—wgt)]= ——i—e—exp[i(k-r - oy t)]
dt m

{¢kk —<f>+ Y [gpk’ —fk k'—¢k- : fk+k']

k'zk

+ 2 lPr—p (k=K —fkv+¢k+k H(k+K')- —fk-} ©)

k'#k

where Jicx (O and fyiper (y4xe) represent the amplitudes of the fluctuating distribution

functions (electrical potential) bearing the phase functions varying in space and time in the
forms of exp{i[(k—k')-r—(@w; —w;)t]} and exp{i[(k+Kk')-r— (@ +ao )]},
respectively. On the RHS of (5), while the first and the second terms in the braces stem
from the phase coherent responses to the electric field (E(r,t)), the third term is

contributed from the nonlinear wave-wave interactions. Since in the diffusion process
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under consideration, only wave-particle interaction is relevant, the wave-wave interaction
term will be dropped in the following analysis of electron acceleration. Integrating (5)
along the unperturbed trajectory defined by (3) and substituting the resultant form of f;
into (4), we can readily obtain the diffusion equation in a rather complicated form. The
detail of integration is presented in the Appendix. This equation can be much simplified by
the following approximations which can be reasonably made for the ionospheric heating
experiements. The theoretical work [e.g., Fejer and Kuo, 1973; Perkins et al.,, 1974]
shows that the saturation spectrum of Langmuir waves excited by the parametric decay
instability is distributed in a narrow cone with an azimuthal symmetry with respect to the
Earth's magnetic field. It is thus reasonable to assume that < f > is also azimuthally
symmetric in the velocity space around the geomagnetic field. Further, the Langmuir
wave spectrum is noted to peak along the magnetic field. We may expect the background
electron distribution to be modified primarily in the direction of Earth's magnetic field.
Thus in the present study, only electron acceleration along the magnetic field is considered
to be significant, and the transverse component of the distribution function is assumed to
maintain Maxewellian [ie, <f>=h(v,)g(v,,t), where h(v,)=(m/2xl,)

exp(—mvi 12T,)1.

With these assumptions in hand, the diffusion equation (All) presented in the
Appendix, after the integration over the transverse velocity coordinates (i.e., jv Lav 1 do),

is reduced to a modified Fokker-Planck equation for g(v,, t) as

Y, Z i > .
Lo=2 (DL _peg-<L (DL -4 6
7% &Z( . )g i( 1&2 1)& (6)

The diffusion coefficient (D), the friction coefficients (D and A;) associated with the
higher order terms are defined, respectively, to be

D=DL+DM +DM | 4= 4l 4 aM 4N
Dy =Dy + Dy Ay = Apy +4)-
D* €.2 L 2o
where | 7 |=27(=) Y| moa fo 16kl Ap(@)S(w—k,v, —£Q) )
4 m kAT, k,
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k) [ Je1BIg21B) | JenBgnB) ” 0
2 |o-kyv,-({-1)Q o-kv,-({+1)Q
and the relationship
1 1

=P —ind(w—kyv, — Q)
ot 00 Lok, e M@k )
is employed; the subscript "k" of @ in the above equations has been dropped for simplicity.
In (7), a=k2T, /mQ?, and A, (a)=1I,(a)exp(-a), where I, is the modified Bessel

function of order n. The modified Fokker-Planck equation, (6), contains all the
information about the quasi-linear and the lowest order nonlinear diffusion processes of
Langmuir waves on electrons in a magnetized plasma. The quasi-linear and the nonlinear
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diffusion processes are evidenced by the Deltafunction in (7) and the two Deltafunctions in
(8), respectively. It is shown in (8) that the coefficients with the subscript "+" (i.e,

DM 4™, Dy, and 4;4) and with the subscript "-" (ie., DM, AN Dy, and 4,.)

represent the nonlinear interaction processes between electrons and the beat products,
exp[-i(a+n")] of the two Langmuir waves exp(-io?) and exp(-ia'?).

ELECTRON ACCELERATION BY LTANGMUIR WAVE TURBULENCE

For the evaluation of the coefficients given in (7) and (8), the idealized model used
in Nicholson [1977] for the Langmuir wave spectrum is adopted here:

3.4(v, / wy) P2y T,

2 _
e l” = (1o P2y for both 0 <6 <B
m
andm-6p<6<m (11)
= 0 forfy <6 <m-0y

where 0 is the angle between the Langmuir wave vector (k) and the Earth's magnetic field
(By); kg corresponds to the Langmuir waves with peak intensities; 69 defined by
cos—l(P'l/ 2) is the maximum 6 of the Langmuir waves; P is the squared ratio of the
local electromagnetic pump field to the threshold field for the parametric decay instability.
The other parameters in (11), ng T,, V,, ®, have their conventional meanings as the local
electron density, the electron temperature measured in the unit of electron volts, the
electron-ion collision frequency, and the incident electromagnetic pump wave frequency,
respectively.

For achieving the electron acceleration from the bulk region to the tail region, the

diffusion coefficients must remain non-vanishing values through a wide range in the

velocity space. The conditions can be derived from the Deltafunctions in (7), (8), and
(11), which are rewritten as follows:

S(k — k) )S(@ = ky vy — £Q0) =k v, |} 8(k — ki) 8(cos 0~ cOS ) (12)
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S(k ~ k)30~ &' ~(k; -k, Iv; = (£ - )]
=|kyyv, |7 80k - kyy ) [ cOs O (cOs B, +cos6)] (13)

8k ~ k)3 0+ @' ~(ky +k_ )V, ~ (£ +9)Q]
=|kyv, 7t 6(k - kyy ) S cos O (cos 63 — cos 6')] (14)

where

c0sO=k;, / ky, c0S8'=k_ | Ky, c0S8) = (@, ~ Q) / kv 5,
cosb, =—(£-q)Q/k,,v,, and cosG3 =[2w,, — (£ +q)Q)/ k,,v,. (15)

The dispersion relation of Langmuir waves is approximately represented by o ~ o'~ o,
= @pe(1+ 3k3: /2k§) for propagation in a weakly ionized plasma at small angles with

respect to the Earth's magnetic field, i.e,, (Qz / cu;e ) sin? 6 << 1, where K> kg, and op,,

are respectively, the wave number of Langmuir waves with peak intensity, the Debye wave
number, and the local electron plasma frequency.

Since 0 is the maximum propagation angle of Langmuir waves, cosfy < cosf.
We deduce that

cosfy < |cosb |, |cosby +cosB'|, |cosby —cosf'| <1 (16)

from the zero of the arguments of the Deltafunctions on the RHS's of (12) - (14). With
the aid of (15), the inequalities in (16) yield the following three ranges of v,

¢)) l@,, = €Q|/k,, <|v,|<|@,, —(Q|/k,, cos Gy (17a)
2)-(A) Q/2k,, <|v,|<|€-q|Q2/ 2k, cosb,
-(B) |v,[2|€—q|Q/2k,, (1-cosby) (17b)
(3)-(A) 12w, — (£+q)Q|2k,, <|v,|<20,, — (£+q)Q/2k,, cos8,
-(B) v, 22@,, —(£+9)Q|/k,, (1-cosb) (17¢)
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that assure the non-zeros of (1) DL and AL, (2) D™ 4N D, and 45 and (3)
DiVL , AiVL, Dy4, and Ay4, respectively. The two sub-ranges, (2)-(A) and (2)-(B),

overlap as cosfj < 1/3, namely, P > 9 because 6 is defined by cos ! (P_l/ 2 ), where P is
the squared ratio of the local electromagnetic pump field to the threshold field for the
parametric decay instability. The other two subranges, (3)-(A) and (3)-(B), also overlap
as cosfy < 1/3. While (2)-(A) and (3)-(B) are determined for Langmuir wave pairs
propagating in opposite directions along the geomagnetic field, (2)-(B) and (3)-(A) are
found for those propagating in the same direction along the geomagnetic field.
Substituting (11) and (12) into (7) and integrating it over & yield

L 2 Y 1 2
D 3.4 / PonyT, 6 A
[ L)=4ﬂ'2(—:1)2 (Ve /@0) P o7, [m ]COS 1A (am)

m__ 60
(1- pl2 ) f=—co\ T, kp, cos 6 kmVz

X[H(|V 1| @ — £ i)~ H(IV =10, ~ 6Q/ ki 05 6)]

where @, = (k,i];3 I mQ? ) sin? 6; and H(x) is the Heaviside step function. The sufficient

condition for the continuous acceleration of electrons requires that the ranges of v, be
overlapped for either large negative ¢ < (w,, /€)—(1-cos 90)'1 or large positive

¢>(w,/ Q)+(1—cos60)"1 as found from (17a). In other words, overlap of quasi-

linear diffusion regions can occur in a wide range of v, with the aid of cyclotron harmonic
shift.

However, it is noted from (18) that AL /Dt~ —v, (m/ T/ (@,, +|£]Q) for

a large value of k,,,v, (i.e., a large positive or negative value of £). If only the quasi-linear

diffusion effect is considered, namely, if we only retain the terms associated with DL and
AL in (8):

7 o 7

—g=——(D"—-

AL 19
P X, &, )8 (19)

the steady state solution of (19) obtained by taking (6/6t)g = 0 has the Maxwellian form of

g(v;,t = ) ocexp{-(m/ 2T,)[|E1Q/ (@ +EIQ)IV] )
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in each cyclotron shifted region. The effective temperature of this modified distribution
function is (w,,+|¢|Q)7,)/|£|Q that approximately equals the unperturbed electron

temperature, T, for a large |£] (i.e., a large k,,v,). This result shows that quasi-linear
diffusion itself cannot produce very energetic electron fluxes (with (1/2)mv§

>(1/2)m(£Q2/ km)2 ~ 10 eV) because it is impeded by the friction force. This force,
represented by AL, is related to a finite Larmor radius (FLR) effect resulting from the
coupling of electron parallel motion with transverse motion in the presence of Langmuir
wave fields.

We next examine for other possible electron acceleration mechanisms the nonlinear

wave-particle interaction terms neglected in (19), namely, (Diw‘ , A EW‘ , Dy, Ay.) and
NL NL : :
(D,”, 4., D+ Ay4), that correspond to the cases of Langmuir wave pairs

propagating along the same and the opposite directions, respectively. Since A4 EVL /DE\IL

~ (m/T,)v, ~ A;./Dj_ in the large parallel velocity (v,) region, the diffusion of electrons is
also impeded by frictions and no energetic electron flux can be produced by the process of
nonlinear wave-particle interactions when the two Langmuir waves propagate in the smae
direction along the geomagnetic field. By contrast, it is found from (8) that in the region:
v; > 2w,/ (1-cosby)k,,,

e 3.4(v, | wg)P*ngT, 40 @
DM ~ @ (Y22 L0 oo p A0y (1 cosg, - 2-2my
m 1-P %) kv mVz
) m 2z
Dy, ~-v, D} (20)

and

AN ~ 4, ~0 (negligibly small).

The frictions are not able to prevent electrons from being accelerated in this case when
electrons interact with the beat product (at the frequency sum) of two Langmuir waves
that propagate in the opposite directions.

We note that the diffusion coefficients in this case have the largest values in
comparison with those in the other two cases. Hence, in the calculation of the steady state
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distribution function (i.e, g(v,,t—> ®)) for v, > 2w, /(1-cosby)k,,, only the

coefficients given in (20) need to be retained in (6), i.e.,

o NL O 174
EE(DJr s D1+)a/—zg(vz,f—>°°)=0 (21)
The result i1s
F(v,,v F(v,.v
gVt > @) = g(vy)1- 202V gy oy ) T Ta1) 22)
F(v;2,V21) F(V;2.V;1)

where V, =v, v, V,12 =Vz1 2 — V¢, and v, = 20, / (1-cosby ) k,y;
- 1.5 54,5 4_<4y, 10 2. 3 =3 3,2 _<2
F(x,vzl)zg(x ——vzl)+zvc(x —Vzl)+?vc(x Vo)V (x -V)
+5vg (x—Vzl)+vz Inx/v, forv, <v, <v, <v,.

(22) holds for any v,, > v, and g(v,) — 0 as v, — . One can show that in a wide
range of v, > v, g(v,) ~ g(vz1) ~ g(vy), predicting the formation of a flat electron
distribution (i.e., a plateau) in the tail region. This prediction agrees qualitatively with the
observations reported in Carlson et al. [1982].

COMPARISON WITH EXPERIMENTAL OBSERVATIONS

The level of the plateau depends upon the value of g(v.). It is seen in (17c) that
regions (3)-(A) and (3)-(B) become to overlap when P 2 9 and that region (3)-(A)
coincides with the quasi-linear diffusion region defined by (17a) for the case of £=¢ = 0.
In fact, the plateau starts to be formed by the quasi-linear diffusion process in the
superthermal region defined by (17a) for £=0. This superthermal plateau can be further
extended to the very energetic region defined by (3)-(B) in (17c) through the nonlinear
diffusion process of electrons that interact with the beat waves having the sum frequencies
of Langmuir wave pairs propagating in the opposite directions along the geomagnetic
field. Therefore, g(v,) has the value of the distribution function in the superthermal
plateau, that is g(v,) < g(5vy) ~ noexp(-12.5)(2m)V/2 vy, , where vy, (= (T,/m)1/2) is the
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electron thermal velocity. The energetic electron flux between the velocity interval (v,
V,), is then given by

@ < ng exp(-12.5)(v2, -v2 )/ (2m) 2vy, (23)

Under the typical ionospheric F region condition: 79 = 3 x 103 cm™3, vy, ~ 1.8 x
107 cm/sec, the calculated & from (23) is 2 x 108 cm™2 sec”! for v,; = 1.3 x 108 cm/sec
v,y = 1.8 x 108 cm/sec corresponding to electron energies of 10 eV and 20 eV
respectively. This theoretical energetic electron flux is greater than the experimentally
deduced result, (2 - 4) x 107 cm2 sec”! [Carlson et al., 1982], by one order of magnitude.
This difference is large enough to offset the simplifications used in the theoretical
calculation.

The diffusion process discussed here will continue to proceed into the energy
region exceeding 20 eV. Though there is no friction force to stop the diffusion, the
maximum energy of the electron flux is limited by the finite size of the interaction region
and the magnitude of the diffusion coefficients, which all depend on the pump power.
Therefore, the proposed acceleration mechanism can also explain the generation of very
energetic (> 25 eV) electron flux measured in situ by Grandal et al. [1983] during
Tromso's heating experiment. It should be noted that the energy of the electron flux in the
radar measurements is inferred by the phase velocity w/k of the enhanced plasma line,
which is assumed to be excited by the electron flux through resonant wave-particle
interaction. Since k is fixed by the radar frequency, i.e., k¥ = 2 k,444,, and © = @, for an
eigen mode, the maximum energy of the detectable electron flux in the radar measurement
is limited by the F peak density of the ionosphere, which corresponds to about 20 eV at
Arecibo with 430 MHz radar. A

CONCLUSION

The diffusion effect of Langmuir wave fields on the background electron
distribution is evaluated as the process of generating energetic electrons deduced in the
measurements of enhanced plasma lines at Arecibo [Carlson et al., 1982] and detected in
the in-situ particle measurements at Tromso [Grandal et al., 1983]. Both quasi-linear and
nonlinear processes of wave-particle interactions are analyzed in a generalized Fokker-
Planck equation. Our analysis shows that the quasi-linear diffusion may be effective
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enough to produce energetic electron flux with energies up to about 10 eV. However, the
very energetic electron flux in the energy range from 10 to 20 eV reported in Carlson et al.
[1982] and in the region exceeding 25 eV measured by Grandal et al. [1983] can only be
generated by the nonlinear diffusion process of electrons that interact with the Langmuir
wave pairs propagating in directions opposite to each other along the magnetic field. The
proposed mechanism can indeed produce the energetic electron flux observed in HF
ionospheric heating experiments.

ACKNOWLEDGMENT:

The author gratefully acknowledges useful discussions with Keith Groves,
Santimay Basu, Ed Weber, Paul Kossey, and John Heckscher. This work was completed
at the Air Force Phillips Laboratory, Hanscom AFB, MA, whose hospitality is
appreciated.

REFERENCES

Carlson, H. C., W. E. Gordon, and R. L. Showen, High frequency induced enhancements
of the incoherent scatter spectrum at Arecibo, J. Geophys. Res., 77, 1242, 1992.

Carlson, H. C,, V. B. Wickwar, and G. P. Mantas, Observation of fluxes of superthermal
electron accelerated by HF excited instabilities, J. Atmos. Terr. Phys., 44, 1089, 1992.

Fejer, J. A., and K. N. Graham, Electron acceleration by parametrically excited Langmuir
waves, Radio Sci., 9, 1081, 1996.

Grandal et al., Preliminary results from the HERO project, in-situ measurements of
ionospheric modifications, using sounding rockets, Proc. Intl Symp Active
Experiments in Space, EAS, SP-195, 75, 1983.

Kuo, K. P., and B. R. Cheo, Turbulent heating of parametric instabilities in unmagnetized
plasmas, Phys. Fluids, 24, 1104, 1981.

Kuo, S. P., and J. Huang, Nonlinear wave phenomena in ionospheric modification by
powerful radio waves, Current Topics in the Physics of Fluids, 1, 357, 1994.

Nichelson, D. R. Magnetic field effects on electrons during ionospheric modifications, J.
Geophys. Res., 82, 1839, 1977.

Weinstock, J., Enhanced airglow, electron acceleration and parametric instabilities, Radio
Sci., 9, 1085, 1974.

23-14




APPENDIX T

To solve (5), we decompose f; into a sum of its linear parts ka and nonlinear

part, kaL 1e, fi = ka +kaL, where

%ka expli(k-r—w,t)]= —i%exp[i(k-r— a)kt)]¢kk-§% <f> (Al)

and

4 kNL expli(k-r—wit)]= —i—e—exp[i(k r—wit)]
dt m

, 0 x 0
> [grk 'Efk—k' - ¢,k 'Efk-x-k'] (A2)
k'£k
Using the cylindrical coordinate systems: ¥=v (Xcos@+ jsin)+2v,,
k=k  (Xcosp+Psing)+2k,, k'= k_'l_ (Xcos@'+ysin ') +2k;, and the notations
6, =6-9, 9'1 =0-¢', n=k, v, /Q, and 7'= k—'LVJ_ /Q, where Q = eBy/mc is the
electron cyclotron frequency, the right hand side (RHS) terms of (A1) and (A2) become

17 7 7
k-gv—<f>=[klcosﬁl&—_L+kza/—z]<f>
,.
and '
7 ' v 0 .21 v d
k-?i—v—fk;;a:{kl[COSHI—ﬁ—Vz——smqu}-éhkz—a;v?}fk;k-,

where < f> is assumed to be an azimuthally symmetric function, and (A1) and (A2) are
integrated along the unperturbed trajectory to be
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L6

L — _8_ -—insinel € L <f> (A3)
Tk m¢ke %a)k—kzvz—ZQQ J

and
fNL - _iie—insinﬁl J’(‘)Ddz,ei(wk ~kzv;) 7, insin(6, -Q1)

k m

[ 1 a . ! 1 ﬁ ' 5
: -Qr)—/—- -Qr)——=1+k —} fr-p(vL,0-Qzv
k§£¢k {k  [cos(6, - Q7) o sin (6, T)Vl PNt . Wk (VL z)

* ' ! V74 . ' 1 2 ! 5
—¢,.{k, [cos(6) - Qr)av—l— sin( 6, —Qr)v—l—;g]+kz Ez—}f“k.(vl,e—m,vz))

(A4)
where the operator

oL = J,(mleQ /v )8l &) +k, 0! &v,] (A5)

Jrsx are defined approximately by the following equations

%kak' exp{i[k Fk')-r — (@ Fop )]} =

. _ é = T, V74
~i Lok FK) 1 - (0 F op)lgpk i - k- f7] (A9)

and the notations fkf = ka. S =T, L= ¢",:. = @i, and ¢, = ¢z. are employed.
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Using the same procedure, (A6) are integrated to be

—insinéy eiin'sin 6, eiwl e¥im91

firk = e T

tn(@p Fap) -k, Tk v, -(EFn)Q

kik
i sin(p =92, (1) T ()

1 LB R 1 @5+kz;)]<f>
z

[——
@, kv, —nQ V1 XN, PR, wp kv, —lQ v N

90 7 74 ' nk J ! nQ) & o
(D2 r ke, =) 2.0, () ()= e R
vy ) XNy Vi o, kv, -nQ VL ¥ z

- nQ 8 v 8 . fk; Je(m) K 8 3
F[J, (7)) (—=——+k, —)*J (7 =Lk <f>
EALCD Sy Z&Z) "(")(vi )]wk—kzvz—m(vl P z&z) S >}

VI Ny
(A7)
Substituting (A7) into (A4), the integration can be carried out to be
NL NL NL
o =ho Tl (A8)
kE T N Tk 7 O kv, — Q7T
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and the operators QgL are defined to be

?i(n-—q)ﬁ'1 '
e
M= (2 )Z|¢k| D T T AL L sin(p- 9
;0 bk R
(u)m ey st GO GO RO

1 kiky . .
— — —{( NI o—1(MInz1(1) = Jer1 (M) Ip£1(71)
(0 Fo ) - (k; Fk v, -((FmQ 20

J, _ 74
42T (1), (7)sin(p - )]+ ks, JZEZ)Z z("g)g}[( e)—;?—v—wc Fh)

]
(A10)

With the aid of (A3) and (A9), a diffusion equation is derived from (4) to be

i

—<f> i 2L zw & ""S‘“"’lz ¢ ©@r+oM +oMy<f>
O —

—k,v, —£Q

+ecc (A11)
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